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ACRONYM  KEY 


The  acronyms  that  were  used  in  this  dissertation  are  defined  below.  Some  of  the 
acronyms  used  in  this  dissertation  are  composed  of  combinations  of  simple  acronyms 


which  have  been  joined  by  a hyphen, 
below. 

Only  the  simple  acronyms  have  been  shown 

Acronvm 

Definition 

AAS 

Atomic  absorption  spectrometry. 

AC  or  ac 

Alternating  current. 

AES 

Atomic  emission  spectrometry. 

ALA 

Aminolevulinic  acid. 

ALAD 

Aminolevulinic  acid  dehydrase. 

ASV 

Anodic  stripping  voltammetry. 

CDC 

U.S.  Centers  for  Disease  Control  (Atlanta). 

CMP 

Capacitively  Coupled  Microwave  Plasma. 

DC  or  dc 

Direct  current. 

DCP 

Direct  current  plasma. 

DSI 

Direct  sample  insertion. 

ETA 

Electrothermal  atomization. 

ETV 

Electrothermal  vaporization. 

FAAS 

Flame  atomic  absorption  spectrometry. 

FIA 

Flow  injection  analysis. 

VI 


FWHM 


Full  width  at  half  maximum. 


ICP 

ID 

LC 

MIP 

MS 

NAA 

NHANES 

ppb 

ppm 

ppth 

QCM 

RSD 

SFC 

TE 

TM 

TTL 


Inductively  coupled  plasma. 

Isotope  dilution. 

Liquid  chromatography. 

Microwave  induced  plasma. 

Mass  spectrometry. 

Neutron  activation  analysis. 

National  health  and  nutrition  examination 
survey. 

Parts  per  billion. 

Parts  per  million. 

Parts  per  thousand. 

Quality  control  material. 

Relative  standard  deviation. 

Supercritical  fluid  chromatography. 
Transverse  electric. 

Transverse  magnetic. 

Transistor-transistor  logic. 
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The  determination  of  lead  in  whole  blood  has  become  of  paramount  importance 
as  the  Centers  for  Disease  Control  in  Atlanta  has  recently  (1991)  lowered  the  "level  of 
concern"  for  lead  in  blood  to  10  ^g/dL.  This  action  invalidated  the  most  popular 
screening  technique  that  was  previously  used,  the  indirect  determination  of  lead  in  blood 
by  hematofluorometry  of  erythrocyte  protoporphyrin,  which  cannot  determine  lead  at 
levels  below  25  tigldX. 

This  work  evaluated  the  use  of  a capacitively  coupled  microwave  plasma  atomic 
emission  spectrometer  for  the  determination  of  lead  in  whole  blood  (CMP- AES).  This 
CMP-AES  incorporated  a tungsten  wire  electrode  which  was  used  both  to  support  the 
plasma  and  to  hold  the  sample.  The  sample  was  deposited  on  the  electrode  and  dried  at 
low  microwave  powers.  Following  this,  a low-power  helium  plasma  was  ignited  and 
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allowed  to  ash  the  sample.  Finally,  the  power  was  increased  which  resulted  in  the 
atomization  and  excitation  of  lead.  The  resulting  lead  emission  was  detected  as  a 
transient  signal  using  a monochromator  and  a photodiode  array  detector.  Such  a device 
improves  upon  other  atomic  emission  devices  as  100%  of  the  sample  was  transferred  into 
the  plasma.  Detection  limits  as  low  as  0.6  ppb  (3  pg  Pb)  were  determined  for  aqueous 
samples  with  a precision  better  than  10%.  Detection  limits  as  low  as  4 ppb  (20  pg  Pb) 
were  obtained  for  lead  in  whole  blood  with  a precision  of  16  % at  concentrations  as  low 
as  80  ppb.  These  detection  limits  rival  those  of  electrothermal  vaporization  atomic 
absorption  spectrometry,  and  are  better  than  those  obtained  by  inductively  coupled 
plasma  atomic  emission  spectrometry. 
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CHAPTER  1 

THE  DETERMINATION  OF  LEAD  IN  WHOLE  BLOOD 

Introduction 

Lead  is  abundant  in  the  environment,  originating  mostly  from  industrial  sources. ‘ 
It  is  not  essential  for  the  human  body  and  has  no  beneficial  role.*  At  high 
concentrations,  it  is  toxic.  Adults  are  less  susceptible  to  the  effects  of  lead  poisoning 
than  children.  Lead  poisoning  is  silent  as  symptoms  of  lead  poisoning  are  not  readily 
discemable.  Although  a massive  effort  had  been  launched  by  the  U.S.  and  other 
countries  of  the  world  to  reduce  lead  exposure^,  it  has  recently  been  realized  that  lead 
is  toxic  at  lower  concentrations  than  was  previously  thought.*  Therefore,  further 
reduction  to  lead  exposure  is  necessary. 

Blood  screening  methods  are  used  to  determine  an  individuals  exposure  to  lead. 
Considering  that  the  level  of  concern  for  lead  in  blood  has  been  lowered*,  more  sensitive 
methods  need  to  be  developed.  Potential  new  screening  methods  are  under  evaluation.^ 
The  goal  of  the  research  in  this  dissertation  was  to  evaluate  one  potential  method  for  the 
evaluation  of  lead  in  blood. 

Lead  Sources 

Industrial  sources  are  the  major  source  of  lead  exposure,  and  the  atmosphere  is 
the  major  route  of  contamination.  Anthropogenic  activities  transfer  700  times  more  lead 
into  the  environment  than  natural  causes."*  The  total  emission  of  lead  into  the 
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atmosphere  in  1983  was  estimated  to  be  between  7 x 10*  and  19  x 10*  kg/yr  and  was 
based  on  emission  studies  of  Western  Europe,  the  U.S.,  Canada,  and  the  Soviet  Union. ^ 
Since  pollution  control  efforts  are  less  stringent  in  third  world  countries,  this  number 
likely  underestimates  the  total  emission. 

A considerable  amount  of  lead  has  been  removed  from  the  environment  due  to 
several  factors.  These  include  the  elimination  of  lead  from  gasoline  (1992),  the 
voluntary  removal  of  lead  solder  from  food  cans  by  the  food  canning  industry,  and  the 
banning  of  the  addition  of  lead  to  residential  paint  in  1978  by  the  Consumer  Product 
Safety  Commission.^ 

Some  remaining  sources  of  lead  contamination  are  old  paint,  soil  tilong  old 
highways,  water  that  has  come  into  contact  with  lead  soldered  plumbing  connections, 
improperly  fired  ceramics,  and  improperly  fired  leaded  glass.® 

Lead  Toxicity 

The  U.S.  Centers  for  Disease  Control  (CDC)  currently  considers  the  "level  of 
concern"  for  lead  in  blood  to  be  100  ppb.*  This  was  recently  (1991)  lowered  from  the 
previous  "level  of  concern",  250  ppb.^ 

Lead  shows  several  toxic  effects.  Some  of  these  are  the  reduction  of  red  cell 
production,  the  reduction  of  globin  synthesis,  and  the  inhibition  of  heme  production.’ 
The  inhibition  of  heme  production  can  have  severe  consequences  and  is  discussed.  The 
human  body  makes  use  of  enzymes  to  carry  out  chemical  reactions.  Lead  inhibits  the 
production  of  many  of  the  enzymes  which  are  involved  in  the  production  of  heme.  Heme 
is  the  functional  group  of  hemoglobin  which  is  responsible  for  oxygen  binding.  Lead 
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inhibits  the  production  of  b-aminolevulinic  acid  dehydrase  (ALAD).  The  chemical 
reaction  that  would  take  place  in  the  absence  of  lead  is:^ 

6 -Aminolevulinic  Acid  + ALAD  -*  Porphobilinogen 

This  results  in  the  buildup  of  b-aminolevulinic  acid  (ALA)  in  an  individual’s  blood  and 
urine.  The  detection  of  ALA  in  urine  was  used  once  as  a screening  test  for  Pb. 
However,  blood  lead  concentrations  must  reach  400  ppb  before  the  urine  ALA 
concentration  increases.  This  test  is  too  insensitive  to  meet  the  current  requirements  set 
by  the  CDC. 

Lead  also  inhibits  the  production  of  ferrochelatase.  This  enzyme  catalyzes  the 
incorporation  of  iron  into  the  porphyrin  ring  of  protoporphyrin  IX.  The  reaction  is 
shown  below 


Fe^*  + Protoporphyrin  IX  + Ferrochelatase  -*  Heme 

The  inhibition  of ferrochelatase  production  results  in  the  accumulation  of  protoporphyrin 
IX  in  the  erythrocyte.  The  measurement  of  protoporphyrin  IX  was  previously  the  most 
popular  screening  technique  for  determining  the  Pb  concentration  in  blood^;  however,  the 
recent  lowering  of  the  "level  of  concern"  for  Pb  in  blood  has  invalidated  this  technique. 

Another  effect  associated  with  lead  poisoning  is  the  accumulation  of 
coproporphyrin  in  erythrocytes.  This  buildup  of  coproporphyrin  can  be  measured  in 
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urine.  However,  increases  in  urine  concentrations  of  coproporphyrin  do  not  occur  until 
an  individual  has  a blood  lead  concentration  of  400  ppb.* 

Lead  poisoning  at  concentrations  below  100  ppb  has  resulted  in  low  IQ’s, 
impaired  hearing,  and  impaired  growth  in  children,  while  lead  poisoning  at 
concentrations  between  100  ppb  and  200  ppb  has  resulted  in  impaired  vitamin  D 
metabolism  and  have  lowered  nerve  conduction  velocity.  Lead  concentrations  above 
400  ppb  have  resulted  in  reduced  hemoglobin  synthesis  and  anemia;  above  500  ppb, 
colic,  frank  anemia,  and  encephalopathy  have  resulted.  Levels  above  1 ppm  have 
resulted  in  death.®  Treatment  for  individuals  with  very  significant  blood  lead  levels 
(>  450  ppb)  involves  the  use  of  chelating  agents  which  bind  lead  and  are  excreted.^® 
These  chelating  agents  are  administered  orally,  intramuscularly,  or  intravenously. 

Reference  Range 

The  average  whole  blood  lead  concentrations  have  been  falling  as  lead  pollution 
has  decreased.  A national  study  (NHANES  II)  showed  that  average  blood  lead  levels  of 
U.S.  adults  decreased  from  160  ppb  in  1976  to  95  ppb  in  1980."  These  years 
corresponded  to  the  phasing  out  of  lead  in  gasoline.  Recent  analyses  have  shown  that 
this  level  has  further  decreased.  A 1993  U.S.  study  which  included  100  adults 
determined  the  average  lead  concentration  was  30  ppb.  The  reference  range  was  3-131 
ppb."  Since  an  average  value  has  little  meaning  when  applied  to  an  individual,  a 
"reference  range"  is  determined.  This  requires  reporting  the  range  of  concentrations 
obtained  after  the  lowest  2.5  % and  highest  2.5  % concentrations  associated  with  the 
population  have  been  removed.  A study  performed  in  Italy  in  1989  on  959  adults 
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reported  a mean  concentration  of  158  ppb.*^  The  reference  range  associated  with  this 
data  was  40  - 256  ppb.  It  is  clear  that  the  variation  in  the  blood  Pb  level  from  one 
individual  to  the  next  is  large.  Also,  the  average  blood  lead  level  varies  substantially 
with  geographic  location. 

Current  Needs  for  the  Determination  of  Pb  in  Blood 

Any  screening  technique  must  meet  the  following  requirements:  the  total  analysis 
time  must  be  short,  the  cost  per  sample  must  be  low,  the  instrument  should  be  simple  to 
operate,  and  the  method  should  be  accurate  and  precise.  Also,  when  dealing  with 
biological  samples,  the  amount  of  sample  needed  must  be  small.  In  addition,  the  method 
should  be  accurate  and  precise.  The  CDC  has  set  up  several  requirements  for  a lead  in 
blood  screening  method.  The  time  per  analysis  must  be  less  than  5 minutes;  the  sample 
size  must  be  less  than  200  fiL.  Also,  the  method  should  yield  a result  which  is  within 
10%  of  the  true  value.  Replicate  measurements  must  be  within  10%  as  given  by  the  % 
RSD,  and  the  detection  limit  must  be  below  20  ppb. 

Any  method  which  is  used  to  determine  an  element  that  is  present  in  blood  at  ppb 
levels  must  be  extremely  selective.  Carbon,  hydrogen,  nitrogen,  and  oxygen  make  up 
96%  of  man.  In  addition,  the  essential  elements  are  found  in  man  at  much  lower 
quantities  and  are  shown  in  Table  1-1.*'*  Several  other  elements  are  present  in  blood, 
also.  All  of  these  need  to  be  discriminated  against  when  determining  lead. 

Potential  Screening  Methods 

Several  approaches  have  been  used  to  determine  lead  in  whole  blood:  isotope 
dilution  mass  spectrometry  (ID-MS), neutron  activation  analysis  (NAA),*®  inductively 


Table  1-1:  Essential  Elements  in  Man 


Element 

Abundance  (ppth)* 

Ca 

15 

P 

10 

S 

2.5 

K 

2.0 

Cl 

1.5 

Na 

1.5 

Mg 

0.50 

Fe 

0.059 

Zn 

0.033 

Cu 

0.0014 

*ppth  = parts  per  thousand 
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coupled  plasma  mass  spectrometry  (ICP-MS),*’  inductively  coupled  plasma  atomic 
emission  spectrometry  (ICP-AES),’*  microwave  induced  plasma  atomic  emission 
spectrometry,'®  electrothermal  atomization  atomic  absorption  spectrometry 
(ETA-AAS),^°  flame  atomic  absorption  spectrometry  (FAAS)^'  and  anodic  stripping 
voltammetry  (ASV)^^.  However,  all  the  mass  spectrometry  approaches  and  the  neutron 
activation  analysis  approach,  while  valid,  are  too  expensive  to  be  used  as  a screening 
technique.  This  leaves  the  approaches  of  FAAS,  ASV,  ETA-AAS,  and  the  plasma 
emission  techniques  to  be  considered. 

Atomic  Absorption  Approaches 

Atomic  absorption  spectrometry  is  a very  sensitive  and  selective  approach  when 
a line  source  is  used  as  the  radiation  source.  Problems  associated  with  this  technique  are 
due  to  the  great  amount  of  light  scattered  off  of  vaporized  particles.  Good  background 
correction  is  necessary  in  order  for  reliable  results  to  be  obtained. 

Delves  Cup  Flame  Atomic  Absorption  Spectrometry  (FAAS) 

In  the  Delves  cup  method,  the  sample  is  added  to  a nickel  crucible.  Ashing  of 
the  sample  either  takes  place  on  a hot  plate,  or  using  the  heat  from  the  flame.  A large 
number  of  samples  can  be  pretreated  using  a hot  plate,  making  Delves  cup  AAS  useful 
in  clinical  applications.  A multi-slot  burner  is  used  to  support  the  flame.  A quartz 
atomic  absorption  cell  is  held  2 cm  above  the  burner  head.  The  quartz  cell  has  a small 
centrally  located  hole.  The  sample  is  introduced  between  the  burner  head  and  the  cell. 
Volatilization  of  the  sample  occurs  when  the  crucible  is  introduced  into  the  flame,  and 
the  atoms  are  captured  in  the  quartz  cell.  Delves  cup  AAS  is  very  sensitive  and  has  a 
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detection  limit  around  1 ppb  Pb.  This  method  requires  only  a small  amount  of  sample 
(100  ^L).  In  addition,  the  method  is  very  rapid.  However,  Delves  Cup  AAS 
determinations  are  not  very  precise,  and  all  measurements  are  usually  done  in  triplicate. 
Electrothermal  Atomization  - Atomic  Absorption  Spectrometry  (ETA-AASl 

In  ETA-AAS,  the  whole  blood  sample  is  usually  diluted  10:1  with  Triton  X-KX), 
a surfactant,  and  a matrix  modifier  which  contains  phosphate  to  convert  Pb  to  lead 
phosphate.  Ten  microliters  of  sample  are  typically  deposited  in  the  atomizer.  The 
atomizer  goes  through  its  typical  stages  of  drying,  ashing,  atomization,  and  cleanout. 
This  technique  is  the  most  popular  method  for  the  determination  of  lead  in  whole  blood. 
It  is  not  without  problems,  however.  The  buildup  of  carbonaceous  residues  have  been 
reported. Also,  good  background  correction  techniques,  such  as  the  use  of  Zeeman 
background  correction^'*,  are  necessary  in  order  to  correct  for  the  intense  scattering  as 
the  blood  particles  are  vaporized.  Zeeman  background  correction  is  preferred  over  the 
deuterium  arc  lamp  method.  The  disadvantage  of  using  Zeeman  background  correction 
is  its  fairly  high  cost. 

ETA-AAS  is  also  very  sensitive.  Detection  limits  around  10  ppb  are  achieved. 
The  precision  is  around  5 The  total  analysis  time  is  approximately  2 minutes 

per  sample.  Matrix-matched  standards  are  necessary  for  the  most  reliable  results, 
although  calibration  using  aqueous  standards  have  been  reported. 

Anodic  Stripping  Voltammetry  (ASVl 

ASV  has  come  a long  way  in  the  rapid  detection  of  lead  in  whole  blood.  In  ASV 
the  analyte  is  preconcentrated  on  the  working  electrode  by  moving  the  electrode  to  a 
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negative  enough  potential  to  reduce  the  analyte  and  stirring  the  solution  to  speed  up  the 
deposition  process.  This  is  known  as  the  pre-electrolysis  step.  After  the  pre-electrolysis 
step,  the  potential  is  stepped  incrementally  to  less  negative  values,  stripping  the  analyte 
from  the  electrode.  Each  electrochemical  species  is  removed  at  its  characteristic 
stripping  potential.  The  working  electrode  is  typically  composed  of  a thin  film  of 
mercury  which  has  been  deposited  on  a glassy  carbon  substrate.^® 

Commercial  analyzers  are  now  available  to  determine  lead  in  blood  such  as  the 
ASV  Trace  Metal  Analyzer  (Environmental  Sciences  Associates,  Bedford,  MA);  100  (jlL 
of  whole  blood  is  added  to  a plastic  tube  which  contains  2.9  mL  of  a metal  exchange 
reagent,  commercially  known  as  Metexchange®  (Environmental  Sciences  Associates, 
Bedford,  MA).  This  metal  exchange  reagent  contains  10.7  g chromium  chloride,  14.3 
g calcium  acetate,  28  mg  of  mercuric  ion  per  liter  of  solution  as  well  as  surfactant  and 
acids.  The  surfactant  and  the  acids  are  used  to  digest  the  sample,  the  calcium  acetate 
provides  a buffer  solution,  and  the  chromium  chloride  provides  an  electrolytic  solution. 
The  analysis  is  carried  out  in  the  same  plastic  tube.  The  total  analysis  time  is 
approximately  3 minutes.  In  addition,  a 1-minute  cleanup  step  is  also  required,  to  ensure 
that  all  Pb  is  removed  from  the  electrode.  Potential  interferents  include  tin,  thallium, 
and  copper.  Copper  is  the  worst  interferent.  Elevated  copper  levels  are  found  in  the 
blood  of  pregnant  women.  The  precision  of  the  method  is  about  10  %,  and  the  detection 
limit  is  below  20  ppb.  This  method  takes  more  time  than  ETA-AAS  and  is  more  prone 
to  memory  effects.  In  addition,  the  precision  is  worse  than  the  precision  in  ETA-AAS. 
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The  massive  dilution  factor,  a factor  of  30,  makes  the  potential  for  sample  contamination 
greater  for  ASV  than  for  ETA-AAS. 

Emission  Methods 

At  least  four  types  of  plasmas  have  been  investigated  concerning  the  determination 
of  lead  in  whole  blood,  the  DC  arc,  the  Direct  Current  Plasma  (DCP),  the  Inductively 
Coupled  Plasma  (ICP),  and  the  Microwave  Induced  Plasma  (MIP).  All  require  rather 
large  amounts  of  sample  (in  the  mL  range)  and  either  sample  preconcentration  or 
introduction  by  electrothermal  vaporization. 

DC  Arc 

Troshkova  and  Yudelevich^®  required  a 2 mL  sample  of  whole  blood.  They 
preconcentrated  the  lead  by  extracting  it  with  a fairly  specific  chelating  agent, 
polyarsenazo.  This  chelating  agent  sorbed  99.99  % of  the  Pb  and  only  0.1  % of  the  Na 
and  Ca.  The  sample  size  and  the  analysis  time  was  far  too  laborious  to  be  used  as  a 
screening  method. 

The  same  authors^^  have  also  tried  removing  Na,  K,  and  Fe  from  blood  serum 
using  dibenzo-18-crown-6  in  /3,|3 -dichlorodiethyl  ester.  Then,  they  preconcentrated  the 
blood  serum  to  determine  Pb. 

Marinov^^  tried  to  reduce  the  sample  preparation,  and  instead  optimize  the 
plasma  excitation  process.  Blood  serum  was  studied.  The  sample  was  dried  in  the 
electrode  crater.  The  sample  was  spiked  with  200  ppb  Pb.  200  fiL  of  serum  was 
deposited  in  the  crater,  and  dried.  The  precision  varied  from  4 to  14%. 
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Direct  Current  Plasma  (DCP) 

According  to  Schramel”,  neither  the  DCP  or  ICP  are  sufficiently  sensitive  to 
determine  Pb  when  whole  blood  is  introduced  through  a nebulizer.  In  order  to  ensure 
that  the  nebulizer  did  not  clog,  a surfactant  would  have  to  be  added  to  lower  the  viscosity 
of  blood,  resulting  in  further  dilution. 

Inductively  Coupled  Plasma  fICPi 

van  Deijck  et  al.^  agree  with  SchrameP^  that  the  ICP  is  not  sufficiently  sensitive 
to  determine  lead  in  whole  blood  without  preconcentration,  van  Deijck  et  al.^  evaluated 
several  sample  treatment  procedures.  They  determined  that  Fe  was  a major  interferent 
when  Pb  was  determined  at  220  nm.  This  Pb  transition  is  the  most  sensitive  emission 
transition  in  an  ICP.  A 500  ppm  Fe  signal  was  equivalent  to  a 200  ppb  Pb  signal. 
Therefore,  it  was  desired  to  remove  the  Fe  from  the  whole  blood,  by  extraction  with 
amyl  acetate.  In  addition,  a preconcentration  step  was  performed. 

The  sample  treatment  was  as  follows:  A 5 mL  aliquot  of  whole  blood  was  dried 
in  an  oven  overnight.  Following  this,  the  samples  were  digested  with  activated  oxygen 
in  a microwave  digestion  chamber  for  24  h.  The  ash  was  dissolved  in  concentrated  HCl. 
Iron  was  then  separated  by  diluting  one  volume  of  the  digested  sample  with  2 volumes 
of  n-amyl  acetate;  99  % of  the  Pb  remained  in  the  concentrated  HCl  layer,  while  99% 
of  the  Fe  was  extracted  into  the  n-amyl  acetate  layer.  The  HCl  layer  was  retained  for 
further  analysis.  8-hydroxyquinoline  was  then  packed  into  a glass  column  and  used  to 
preconcentrate  the  Pb.  Since  8-hydroxyquinoline  does  not  bind  K,  Na,  Mg,  and  Ca  well, 
65  % of  these  species  were  removed.  The  sample  pH  was  adjusted  to  8,  and  the  now 
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basic  Pb  solution  was  pumped  through  the  glass  column.  After  the  column  was  washed, 
the  Pb  was  removed  from  the  column  with  1 mL  of  a 1 M HCl  solution;  a 100  fiL 
aliquot  of  this  sample  was  added  using  an  injection  valve  into  a normal  stream  of  liquid 
flowing  into  a nebulizer.  Most  of  the  matrix  constituents  had  been  removed  by  this 
point,  and  the  total  preconeentration  factor  was  5.  Certified  whole  blood  standards  were 
analyzed  containing  410  and  735  ppb  lead,  respectively.  The  method  was  aecurate  at 
these  concentrations,  although  certainly  the  method  was  very  laborious.  Further 
preconcentration  could  be  accomplished  by  evaporating  the  1 mL  washing  off  the  eolumn 
to  100  ijlL,  resulting  in  a preconcentration  factor  of  50. 

Conclusions 

The  determination  of  lead  in  blood  is  very  challenging.  The  CDC  has  made  it 
even  more  challenging  by  further  lowering  the  "level  of  coneem"  for  lead  in  blood.  The 
most  reliable  method  at  present  for  the  determination  of  lead  is  ETA-AAS,  followed  by 


ASV.  Emission  methods  are  much  more  laborious. 


CHAPTER  2 

PLASMA  EXCITATION  SOURCES  IN  ATOMIC  EMISSION  SPECTROSCOPY 

Introduction 

This  chapter  introduces  the  various  parameters  which  affect  the  analytical 
determination  of  an  element  with  plasma  atomic  emission  spectroscopy.  Those  factors 
which  control  the  stability  of  a plasma  source  and,  therefore,  the  precision  of  the  method, 
the  sensitivity  of  the  plasma  emission  method,  and  other  figures  of  merit  are  discussed. 
The  different  forms  of  atmospheric  pressure  plasmas  are  described  along  with  their 
advantages  and  disadvantages.  In  addition,  alternative  sample  introduction  techniques  are 
described  as  conventional  nebulization  techniques  cannot  be  used  in  the  determination  of 
lead  in  a viscous  sample  such  as  blood. 

General  Plasma  Parameters 

There  are  several  parameters  which  effect  the  sensitivity  of  an  analytical 
determination  using  atomic  emission  spectrometry.  In  the  most  common  emission 
methods,  solutions  are  nebulized  into  a plasma.  The  sample  transport  efficiency  is 
determined  by  the  characteristics  of  the  nebulizer.  An  ultrasonic  nebulizer  is  the  most 
efficient  nebulizer,  being  5 - 10  % more  efficient  than  a conventional  pneumatic 
nebulizer.  After  the  sample  is  nebulized,  it  is  brought  into  the  spray  chamber  which  may 
be  heated  to  produce  a dry  aerosol;  alternatively,  a wet  aerosol  may  be  brought  into  the 
plasma.  Low  power  plasmas  require  dry  aerosols,  while  wet  aerosols  can  be  introduced 
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into  higher  power  plasmas.  Once  the  wet  aerosol  is  introduced  into  the  plasma,  it  must 
be  desolvated.  If  the  sample  introduction  rate  is  too  great,  the  plasma  will  be 
extinguished  as  there  is  not  enough  energy  to  desolvate  the  particles  and  to  sustain  the 
plasma.  In  most  plasmas  the  sample  introduction  rate  which  permits  a stable  plasma  is 
below  1 mL/min.  Following  desolvation,  the  sample  is  volatilized  and  atomized. 
Refractory  compounds  require  more  energy  to  be  decomposed  than  non-refractory 
compounds.  If  the  plasma  temperature  is  too  low,  selective  volatilization  will  occur. 
For  example,  the  plasma  temperature  may  be  sufficient  to  determine  lead  in  the  form  of 
lead  chloride  but  not  lead  in  the  form  of  lead  phosphate,  and  speciation  errors  will  occur. 
In  addition,  the  plasma  must  have  a sufficient  temperature  to  decompose  the  compound 
to  be  studied;  otherwise,  selective  atomization  will  occur.  The  higher  the  plasma  gas 
temperature,  the  more  insensitive  the  plasma  is  to  these  problems,  although  selective 
volatilization  and  atomization  occurs  to  a certain  extent  in  all  plasmas.  Once  the  atoms 
are  formed,  they  are  excited  in  the  plasma;  and,  if  the  excitation  temperature  of  the 
plasma  is  sufficiently  high,  emission  will  result.  Since  the  excitation  temperature  of 
plasmas  is  higher  than  the  gas  temperature  of  the  plasma,  the  plasma  is  not  in 
thermodynamic  equilibrium.  In  general,  the  greater  the  ionization  potential  of  the  plasma 
gas,  the  greater  the  excitation  temperature  of  the  plasma,  (He  > Ar  > In 

addition,  the  sensitivity  of  the  determination  is  affected  by  the  residence  time  of  the 
sample  in  the  plasma.  Longer  residence  times  result  in  more  efficient  atomization  of  the 
compounds,  and  also  more  intense  emission,  and  may  be  obtained  with  lower  gas  flow 


rates. 
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Plasma  Excitation  Sources 
Inductively  Coupled  Plasma  IICPI 

The  inductively  coupled  plasma  is  the  most  popular  plasma  excitation  source  used 
today. The  plasma  torch  consists  of  three  concentric  tubes,  which  are  designated  as 
the  "inner  gas  tube  or  carrier  gas  tube,"  the  "intermediate  tube,"  and  the  "outer 
tube.  Encircling  the  tube  is  a two-  or  three-turn  induction  coil  which  is 

referred  to  as  the  load  coil.  Gases  are  introduced  to  the  tube,  and  radio-frequency 
energy  is  applied  to  the  coil.  The  load  coil  produces  a strong  oscillating  magnetic  field 
perpendicular  to  the  load  coil  axis.  This  magnetic  field  induces  an  electric  field  in  the 
coil  region.  The  plasma  is  "seeded"  with  electrons  produced  from  a Tesla  coil.  If  the 
magnetic  field  produced  is  sufficiently  strong,  a plasma  will  form.  The  temperature 
produced  inside  the  load  coil  is  approximately  10,000  K,‘“’  so  a vortex  gas  flow  carried 
through  the  outer  tube  is  necessary  in  order  to  keep  the  quartz  torch  from  melting. 

The  sample  is  introduced  via  the  inner  tube  as  an  aerosol.  The  sample  is 
desolvated,  atomized  and  excited  as  it  travels  through  the  plasma  from  the  load  coil  to 
the  viewing  region,  typically  12-18  mm  above  the  load  coil,  where  the  temperature  is 
approximately  5000  K.  The  residence  time  of  atoms  in  the  plasma  depends  on  the  carrier 
gas  flow  rate  (0.5  ■■  1 L/min)  and  is  typically  2 ms,  which  is  a 2 x greater  than  the 
residence  time  of  an  atom  in  a combustion  flame.  This  is  due  to  the  inert  nature  of  the 
plasma.  Because  the  temperature  of  the  ICP  is  much  greater  than  the  temperature  of  a 
flame,  even  refractory  elements  are  decomposed.''^ 
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Most  ICP’s  operate  at  a power  of  1-2  kW,  although  powers  as  high  as 
7 have  been  used.  The  operating  frequency  of  the  plasma  is  either  27  MHz 

or  40  MHz.  The  40  MHz  frequency  is  preferred  due  to  the  greater  plasma  stability  and 
the  lower  background  which  is  observed  at  this  frequency.  ICP’s  typically  operate  with 
an  outer  gas  flow  of  15  - 20  L/min  Ar,  an  intermediate  gas  flow  of  0 - 1 L/min  Ar  and 
a carrier  gas  flow  of  0.5  - 1 L/min  Ar.'*^ 

Direct  Current  Plasma  tPCPl 

The  modem  versions  of  DCP’s  consist  of  three  electrodes.'**  Two  anodes 
composed  of  graphite  are  spaced  at  equal  distances  below  a cathode.  The  cathode  is 
composed  of  thoriated  tungsten.  The  three  electrodes  form  a triangular  stmcture,  the  top 
vertex  being  the  cathode  and  the  two  lower  vertices,  the  anodes.  All  the  electrodes  are 
surrounded  by  ceramic  sleeves  through  which  Ar  is  introduced  tangentially.  A discharge 
forms  between  the  cathode  and  the  two  anodes,  which  results  in  an  inverted  "Y"  shaped 
plasma  - the  two  anodes  are  tilted  30  degrees  to  make  the  bottom  of  the  inverted  "Y". 
Sample  is  introduced  as  an  aerosol  between  the  two  anodes  through  a wide  sample 
introduction  tube,  and  emission  is  viewed  just  below  the  triangular  region  formed  by  the 
inverted  " Y"  of  the  arc,  where  the  temperature  of  the  plasma  gas  is  constant  and  between 
5000  K and  6000  K.  The  precision  of  the  DCP  method  is  between  0.5  and  1%,  and  the 
power  requirements  are  lower  than  that  of  the  ICP,  for  only  700  W is  required.  The 
total  Ar  consumption  is  reduced  compared  to  an  ICP  as  the  Ar  flow  rate  for  the  anodes 
and  the  cathode  is  between  1.2  - 1.5  L/min,  each.  The  flow  rate  for  the  nebulizer  is  4- 
6 L/min.  Therefore,  the  total  argon  consumption  ranges  from  6 to  9 L/min.  The 
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background  emission  of  the  DCP  is  lower  than  that  of  the  ICP,  as  fewer  strong  Ar  lines 
are  observed,  and  the  solution  uptake  is  greater  than  that  of  the  ICP  (2-3  mL/min),'*® 
Microwave  Induced  Plasma  (MIPl 

Modem  microwave  induced  plasmas  (MIPs)  utilize  a Beenakker  cavity  which 
inductively  couples  microwaves  to  the  plasma. The  function  of  the 
Beenakker  cavity  is  to  support  a standing  microwave.  Microwave  energy  (2450  MHz) 
is  supplied  to  the  cavity  via  a coaxial  cable.  The  plasma  torch  is  axially  positioned  in 
the  center  of  the  cylindrical  Beenakker  cavity,  and  argon  is  introduced  through  the  central 
channel  of  the  torch.  The  cavity  is  seeded  with  electrons  from  a tesla  coil,  and  if  the 
microwave  power  is  sufficiently  strong  a plasma  will  ignite  at  the  tip  of  the  quartz  torch. 
The  sample  is  introduced  as  an  aerosol  through  the  central  channel  of  the  quartz  torch. 
The  carrier  gas  flow  rate  is  typically  1 L/min.  The  plasma  gas  is  typically  Ar  or  He, 
although  N2  has  also  been  used.  The  sample  introduction  rate  is  below  1 mL/min,  and 
the  viewing  position  is  1 - 2 mm  above  the  cavity.  Most  MIPs  are  viewed  axially, 
looking  end  on  into  the  plasma  rather  than  from  the  side  since  better  detection  limits  are 
obtained  in  the  axial  viewing  mode. 

The  powers  utilized  range  from  below  100  to  1.6  Low  power 

MIPs  have  low  kinetic  energy  and  low  plasma  gas  temperatures  (1000  to  2500  K),  which 
are  insufficient  to  dissociate  thermally  stable  compounds.  Aqueous  samples  cannot  be 
injected  into  MIP  cavities  without  desolvation  when  the  applied  power  is  below 
300  When  higher  powers  are  used,  the  cavity  heats  up  as  microwave  losses 
become  severe,  and  tuners  are  required  to  impedance  match  the  Beenakker  cavity  and  the 
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generator.  MIPs  below  120  W have  been  used  primarily  as  emission  detectors  for  gas 
chromatography  eluates.**’*®'*^  Moderate  power  MIPs  (500  W),  have  been  used  as 
emission  detectors  for  directly  introduced  coal  samples,^*  and  also  for  liquid 
chromatography  (LC)*®  and  supercritical  fluid  chromatography  (SFC)  eluates.®” 
A 1.6  kW  plasma  has  been  used  to  measure  metals  and  nonmetals  in  aqueous 
solutions.**’“’“ 

Capacitively  Coupled  Microwave  Plasma  (CMP) 

Capacitively  Coupled  Microwave  Plasmas  (CMPs)  of  the  type  reported  in  this 
dissertation  utilize  an  electrode  which  is  supported  by  the  central  tube  of  the  discharge 
tube  to  support  a plasma.  Microwaves  are  generated  by  a magnetron  which  is 
capacitively  coupled  to  a short-circuited  rectangular  waveguide.  The  electrode  is  also 
capacitively  coupled  to  this  waveguide.  Either  a tesla  coil  can  be  used  to  initiate  the 
discharge,  or  the  plasma  may  be  allowed  to  autoignite.  This  auto-ignition  feature  is  a 
unique  feature  of  the  CMP,  as  the  electric  field  strength  generated  near  the  electrode  tip 
is  much  greater  than  that  generated  in  the  MIP  or  the  ICP.  Sample  is  introduced  usually 
as  an  aerosol  via  the  inner  tube  of  the  torch  at  typically  1-1.5  mL/min.  In  order  for 
the  aerosol  to  pass  through  the  electrode,  a small  1 mm  diameter  hole  is  drilled  axially 
through  the  electrode.  Flow  rates  ranging  from  1 to  20  L/min  are  typically  used,  and 
either  He  or  Ar  is  used  as  the  plasma  support  gas. 

The  design  of  the  CMP  cavity  can  be  credited  to  Cobine  and  Wilbur‘S’®*  and 
Schmidt^.  Mavrodineau  and  Hughes®’  were  the  first  to  apply  a CMP  to  the 
measurement  of  species  in  solutions.  They  reported  a gas  temperature  of  2900-3300  K 
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in  both  a He  and  a Hj  discharge.  Similar  plasma  temperatures  have  also  been  observed 
in  a 700  W He  plasma  (3000  K).^*  Kessler  applied  the  CMP  to  the  determination  of 
glasses. The  analysis  of  steels  has  also  been  reported.™’^* 

The  gas  temperatures  decrease  in  the  following  order:  ICP  > DCP  > CMP  > 
MIP.  Therefore,  the  atomization  efficiency  of  the  ICP  is  greater  than  that  of  any  other 
plasma,  and  the  ICP  as  a result  is  the  most  free  from  matrix  effects.  However,  the 
excitation  efficiency  of  the  CMP  and  the  MIP,  when  helium  is  used,  is  higher  than  that 
of  the  ICP.  As  a result  the  analysis  of  refractory  compounds,  is  favored  by  the  ICP; 
however,  the  analysis  of  difficult  to  excite  species  such  as  nonmetals  is  favored  by  the 
CMP  or  MIP. 

Microsampling  into  a Plasma 

With  conventional  nebulizers  the  smallest  volume  of  sample  which  can  be 
nebulized  into  a plasma  is  1 mL.  This  sample  size  is  too  large  for  the  analysis  of 
biological  materials.  Several  microsampling  techniques  have  been  studied  and  include 
liquid  plug  techniques,  electrothermal  vaporization  techniques,  direct  insertion 
techniques,  flow  injection  analysis,  and  liquid  chromatographic  techniques.  Since 
speciation  information  is  not  required  or  desired  in  the  determination  of  lead  in  whole 
blood,  liquid  chromatographic  techniques  will  not  be  discussed. 

Liquid  Plug  Techniques 

Liquid  plug  techniques  involve  coupling  a micropipet  to  a pneumatic  nebulizer. 
Sample  uptake  is  either  unassisted,  utilizing  aspiration  only  to  draw  sample  into  the 
nebulizer,  or  assisted  utilizing  a peristaltic  pump  to  force  more  viscous  liquids  into  the 
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nebulizer.  The  detection  limits  for  liquid  plug  techniques  are  2 - 10  times  worse  than 
continuous  nebulization.^^  The  use  of  an  internal  standard  has  been  observed  to 
improve  the  precision  in  the  measurement  of  elements  in  serum  and  whole  blood 
Electrothermal  Vaporization  Techniques 

Electrothermal  vaporization  (ETV)  techniques  make  use  of  an  electrically  heated 
element  where  the  sample  is  deposited,  volatilized  and  carried  into  the  plasma  using  a 
carrier  gas.  The  heating  element  is  composed  of  graphite,  nickel,  tungsten,  tantalum, 
or  platinum  and  is  in  the  form  of  a rod,  cup,  boat  or  filament.  Electrothermal  vaporizers 
are  advantageous  as  the  sample  can  be  ashed  prior  to  introduction  in  the  plasma.  If  the 
analyte  is  less  volatile  than  the  matrix  or  can  be  made  so  with  the  use  of  a matrix 
modifier,  the  matrix  can  be  selectively  removed  from  the  analyte  prior  to  the  volatization 
of  the  analyte.  The  utilization  of  ETV  techniques  results  in  a more  stable  plasma  and  a 
simplified  emission  spectrum.  Electrothermal  vaporization  provides  detection  limits 
which  are  1 - 2 orders  of  magnitude  better  than  continuous  nebulization. 

Electrothermal  vaporization  into  a plasma  was  first  performed  by  Kleinman  and 
Svoboda^"*,  who  heated  a graphite  disk  to  volatilize  a sample  into  an  electrodeless 
discharge.  A graphite  rod  vaporizer  and  ICP  were  used  by  Kirkbright  and  coworkers, 
and  transport  efficiencies  as  high  as  60  % were  obtained Ng  and 
Caruso  deposited  5 and  10  )uL  aliquots  into  a pyrolytically  coated  carbon  cup  vaporizer 
in  the  analysis  of  seawater  and  organic  solutions  in  an  A Pyrex  cup 

was  used  by  Masuda  and  coworkers*^  for  the  discrete  introduction  of  20  - 40 
samples  and  osmium  was  measured.  Nixon  and  coworkers*®  used  a tantalum  strip 
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vaporizer  for  discrete  sample  introduction  into  an  ICP,  while  Kitazume*’  used  a 
platinum  or  tungsten  filament  placed  in  a very  small  4.5  mL  chamber  to  vaporize 
samples  into  an  ICP  and  obtained  excellent  detection  limits,  even  for  ETV. 

Conventional  furnaces  which  are  normally  used  for  ETA-AAS  have  also  been 
coupled  to  a plasma.  An  internal  standard  was  observed  to  increase  the  precision  of  the 
technique  by  40%.**’*’  Tikkannen  and  Niemczyk’®  have  controlled  the  heating  rate 
of  an  ETV  in  order  to  thermally  separate  compounds  of  different  volatilities  in  time,  and 
this  resulted  in  minimized  spectral  interferences.  Peak  area  has  been  reported  to  be 
more  reliable  than  peak  height  in  ETV-AES.  The  measurement  of  peak  area  is 
independent  of  the  heating  rate,  while  the  measurement  of  peak  height  is  not.’^  Dean 
and  Snook’^  analyzed  the  process  of  atom  condensation  which  occurs  above  the  graphite 
rod  in  an  ETV.  They  observed  that  more  volatile  atoms  persist  as  atoms  for  a longer 
distance  and  are  adsorbed  or  react  with  surfaces  more  quickly.  Therefore,  design 
considerations  are  important  in  an  ETV. 

Direct  Insertion  Techniques 

Direct  insertion  techniques  utilize  an  electrode  which  also  holds  the  sample.  This 
sample  is  dried  on  the  electrode  and  then  brought  into  contact  with  the  plasma,  where  the 
sample  is  atomized  and  excited.  Salin  and  Horlick’*  were  the  first  to  carry  out  this 
technique.  They  deposited  5 fiL  aliquots  onto  the  electrode.  This  electrode  was  inserted 
in  the  injector  tube  (inner  tube)  of  an  ICP  torch  and  raised  to  the  ICP  load  coil,  where 
the  sample  was  dried  inductively  at  a low  RF  power.  The  electrode  was  subsequently 
lowered,  the  ICP  ignited,  and  the  electrode  was  raised  into  the  plasma.  Detection  limits 
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which  were  a factor  of  10  lower  than  conventional  nebulization  were  reported. 
Kirkbright  and  Sargent  used  a graphite  electrode  in  much  the  same  way,  although  the 
sample  was  dried  with  a heat  gun  before  it  was  inserted  into  the  continuously  running 
ICp  94,95  order  to  improve  the  precision  of  this  technique,  Li-Xing  et  al.^  used 
a computer  controlled  stepper  motor  to  control  the  positioning  of  the  electrode.  A 
further  automated  system  utilized  graphite  cups  which  were  raised  under  computer 
control.  A robot  was  used  to  exchange  graphite  cups.  The  best  precision  was  obtained 
with  this  technique.’’ 

Flow  Injection  Analysis 

In  flow  injection  analysis  (FIA),  the  sample  is  introduced  into  a carrier  stream 
which  transports  the  sample  to  the  plasma.  This  technique  requires  a sampling  valve, 
peristaltic  pumps  and  plastic  tubing.  Chemical  reactions,  electrochemical  reactions  and 
simple  dilutions  may  be  carried  out  between  the  point  of  injection  and  the  introduction 
of  the  sample  into  the  plasma.  Sample  sizes  are  approximately  100  ixL,  and  high  sample 
throughput  is  possible.  As  the  technique  is  highly  automated,  operator  error  is 
minimized.  Greenfield’*’”  and  Gallego  et  have  commented  on  the  possibilities 
of  coupling  FIA  methods  with  emission  detection. 

Blood  serum  was  analyzed  using  FIA  by  injecting  20  samples  into  the  carrier 
gas  stream,  these  samples  were  diluted  1:1  to  avoid  matrix  effects.  A high  solids 
nebulizer  was  used  to  introduce  the  diluted  blood  into  the  plasma.  Several  parameters 
have  been  studied  in  FIA,  including  the  flow  rate,  the  total  injected  volume  and  the 
mixing  coil  length. For  calibration  purposes,  the  standard  additions  technique  is 
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easily  automated  with  Also,  the  addition  of  external  standards  for 

increased  precision  is  also  easily  automated  with  FIA.*“  Preconcentration  techniques 
have  been  utilized  in  conjuction  with  FIA,  Long  and  Snook““  used  an  electrochemical 
cell  to  selectively  deposit  the  analyte  onto  a glassy  carbon  electrode.  After  the  matrix 
was  removed,  the  analyte  was  stripped  from  the  electrode  and  back  into  the  carrier 
stream.  Other  workers  have  utilized  anodic  stripping  voltammetry  to  preconcentrate 
analyte  on  the  electrode  and  minimize  matrix  effects  before  introducing  the  sample  into 
the  plasma.*®^  Hydride  generation  has  also  been  performed  in  conjunction  with 
FIA*°*  and  is  important,  as  it  offers  a way  of  selectively  removing  lead  from  the  blood 
matrix.  Thirty  elements  including  Pb  have  been  determined  simultaneously  in  human 
serum  using  ICP-AES  with  hydride  generation. Detection  limits  for  FIA  are  better 
than  conventional  pneumatic  nebulization  techniques;  however,  the  extent  of  improvement 
depends  on  the  methods  that  are  coupled  with  the  FIA  system. 

Conclusions 

Several  characteristics  affect  the  performance  of  an  atomic  emission  method. 
These  include  the  power  of  the  plasma,  the  plasma  gas  used,  the  plasma  gas  flow  rate 
and  the  plasma  gas  temperature.  The  ICP  has  the  highest  plasma  gas  temperature  of  any 
of  the  plasmas;  however,  the  excitation  temperature  of  this  plasma  source  is  low 
compared  to  the  CMP  and  the  MIP. 

Several  methods  have  been  used  to  introduce  samples  into  a plasma.  Due  to  the 
low  concentration  of  Pb  typically  found  in  blood  and  due  to  the  viscous  nature  of  blood, 
conventional  nebulization  techniques  cannot  be  used.  Alternative  methods  such  as  plug 


24 


injection,  electrothermal  vaporization,  discrete  sample  introduction  or  flow  injection 
analysis  must  be  used.  Plug  injection  offers  no  way  of  removing  the  sample  matrix, 
while  electrothermal  vaporization  and  discrete  sample  introduction  rely  on  selective 
volatilization  of  the  matrix.  The  two  latter  techniques  require  very  little  sample 
treatment,  thus  the  possibility  of  sample  contamination  is  greatly  reduced.  FIA  offers 
the  advantages  of  chemical/electrochemical  removal  of  the  blood  matrix  and  the  selective 
preconcentration  of  the  analyte.  However,  since  more  reagents  are  used  in  FIA  and  since 
the  sample  is  processed  more  than  in  electrothermal  vaporization  or  discrete  sample 
introduction,  the  possibility  of  sample  contamination  is  greater.  The  work  in  this 
dissertation  uses  a technique  which  involves  discrete  sample  introduction  into  a CMP. 
Discrete  sample  introduction  is  simplified  in  a CMP  since  it  is  the  only  plasma  which 
uses  an  electrode  to  support  the  plasma.  The  sample  may  be  deposited  directly  onto  the 
electrode,  ashed  with  a low  power  plasma  utilizing  the  selective  volatilization  feature  of 
low  power  plasmas  to  thermally  remove  the  matrix,  and  atomized  and  excited  by 
increasing  the  plasma  power.  Since  the  electrode  is  stationary  in  a CMP,  precision 
should  be  enhanced  over  DSI  methods  which  rely  on  reproducible  positioning  of  the 
electrode  to  obtain  acceptable  precision.  As  in  DSI,  transfer  of  the  sample  into  the 
plasma  should  be  effectively  100  %,  and  a low  detection  limit  for  lead  should  be 
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CHAPTER  3 

CAPACITIVELY  COUPLED  MICROWAVE  PLASMA  INSTRUMENTATION 

Introduction 

In  order  to  work  with  microwave  plasmas  most  efficiently,  several  concepts 
concerning  microwave  devices  need  to  be  understood.  Theory  is  presented  in  this 
chapter  about  magnetrons  (microwave  sources),  waveguides,  and  the  efficient  coupling 
of  microwaves  to  a plasma  through  a waveguide.  Following  this,  the  instrumentation 
used  in  this  work  is  described,  and  the  optimum  position  and  length  of  the  electrode 
necessary  for  optimum  coupling  to  the  waveguide  are  determined. 

Magnetrons 

Magnetrons  (M-type  crossed  field  devices)  are  the  most  commercially  available 
form  of  microwave  tubes,  and  consequently  the  most  used  in  plasma  research.  Most 
emit  at  2.45  GHz,  and  produce  microwave  powers  from  100  W to  3(X)0  W.  They 
consist  of  a negatively  biased  circular  cathode  which  is  surrounded  by  a circular  anode. 
The  cathode  produces  electrons  through  thermionic  emission  of  a heated  tungsten  wire. 
These  electrons  would  normally  travel  straight  toward  the  anode;  however,  a 
perpendicular  magnetic  field  provided  by  a permanent  magnet  is  applied  which  keeps  the 
electrons  moving  in  a curved  path.  In  the  presence  of  a constant  magnetic  field,  there 
is  a potential  at  which  the  electrons  will  barely  graze  the  anode  before  returning  to  the 
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cathode.  This  is  known  as  the  Hull  potential,  and  is  used  for  microwave 
operation. Magnetrons  are  nonlinear  diode-like  devices.  Similar  to 
all  diode  devices,  the  most  stable  operation  results  when  the  magnetron  current  is 
regulated,  rather  than  its  voltage. 

Waveguides 

Conventional  transmission  lines  such  as  coaxial  cable  are  very  inefficient  at 
microwave  frequencies  (0.4  to  300  GHz).  There  are  three  major  types  of  losses  that 
occur  within  a transmission  line:  ohmic,  dielectric,  and  radiational.  Ohmic  losses  are 
greater  at  higher  frequencies  because  ac  currents  are  carried  only  on  the  surface  of  a 
conductor  while  dc  currents  are  carried  throughout  the  whole  conductor.  This  loss 
becomes  very  important  at  microwave  frequencies.  At  the  critical  depth  (5),  also  known 
as  the  depth  of  penetration,  the  current  density  decreases  to  1/e  of  its  surface  value.  The 
critical  depth  is  related  to  the  frequency  by 


where  a=  the  conductivity  of  the  transmission  line  in  mhos/ meter,  pL=  the  permeability 
in  Henrys/meter,  and  i>=  the  frequency,  in  Hz.“^  Therefore,  a 2 mm  diameter  gold 
wire  is  approximately  455  times  more  conductive  at  dc  frequencies,  than  at  2.45  GHz. 
Other  losses  that  occur  in  transmission  lines  are  dielectric  losses  which  occur  as  the 
electric  field  of  the  conductor  causes  molecules  within  the  insulator  to  oscillate, 
transferring  energy  into  the  insulator  which  is  heated.  Also,  radiative  losses  are  result 
as  the  electromagnetic  wave  propagates  away  from  the  surface  of  the  conductor.  Because 
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of  these  losses,  the  power  sent  through  a coaxial  cable  must  be  kept  to  a minimum, 
otherwise  the  cable  will  overheat.  Waveguides  are  much  more  efficient  at  transmitting 
energy  at  microwave  frequencies. 

The  waveguide  is  a resonant  cavity.”®  Its  main  function  is  to  transfer 
the  energy  from  the  magnetron  to  the  electrode  with  minimal  losses.  The  energy  input 
into  a waveguide  propagates  as  an  electromagnetic  wave  through  an  air  dielectric,  and 
not  as  a current  through  a wire.  Therefore,  the  ohmic  losses  are  minimal.  The  ohmic 
losses  that  do  occur  as  the  electromagnetic  wave  interacts  with  the  walls  of  the 
waveguide  are  minimized  by  constructing  the  waveguide  of  materials  of  low  resistivity. 
Waveguides  are  usually  constructed  of  brass,  aluminum,  or  copper  and  are  sometimes 
coated  with  a few  micrometer  thick  layer  of  gold  or  silver.”’ 

Only  two  modes  of  propagation  satisfy  the  boundary  conditions  imposed  by  a 
waveguide,  the  transverse  electric  (TE),  and  transverse  magnetic  (TM)  modes.  The 
boundary  conditions  of  a waveguide  require  that  the  electric  field  be  orthogonal  to  the 
conductor  in  order  to  exist  at  the  surface  of  the  conductor,  and  that  the  magnetic  field 
not  be  orthogonal  to  the  conductor.  Figure  3-1  shows  a diagram  of  the  waveguide,  the 
electric  field,  E,  the  magnetic  field,  B,  and  the  direction  of  propagation,  Z,  of  an 
electromagnetic  wave  which  would  be  supported  by  the  waveguide.  The  magnetic  field 
lies  parallel  to  the  width  of  the  waveguide,  the  "a"  dimension.  The  electrical  field  lies 
parallel  to  the  height  of  the  waveguide,  the  "b"  dimension.  The  magnetron  probe 
produces  a vertically  polarized  electric  field  and  satisfies  the  boundary  conditions  of  a 
waveguide.  The  dominant  mode  supported  by  a waveguide  is  the  TEio  mode.  The 
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notation  Tx„  „ is  used  to  characterize  the  different  modes  supported  in  a waveguide,  x 
is  either  E or  M and  refers  either  to  the  electric  or  magnetic  field;  m refers  to  the 
number  of  half-wavelengths  which  will  fit  along  the  magnetic  field  axis  (the  "a" 
dimension),  and  n refers  to  the  number  of  half-wavelengths  which  will  fit  along  the 
electric  field  axis  (the  "b"  dimension).  Figure  3-2  shows  the  electric  and  magnetic  field 
distributions  inside  a waveguide.  The  electric  field  is  at  a maximum  at  X/4  from  the  end 
of  the  waveguide,  while  the  magnetic  field  is  at  a maximum  at  X/2  from  the  end  of  the 
waveguide. 

The  role  of  the  waveguide  is  to  support  the  standing  microwave  field  which  is 
formed  as  the  electromagnetic  wave  emitted  from  the  magnetron  is  reflected  from  the 
front  and  back  walls  of  the  waveguide.  In  order  for  this  to  occur,  the  magnetron  must 
be  inserted  a distance  of  X/4  from  the  end  of  the  waveguide.  The  electromagnetic  wave 
emitted  by  the  magnetron  travels  X/4  to  the  wall  of  the  waveguide,  undergoing  a 90° 
phase  shift,  reflects  off  the  wall,  undergoing  a 180°  phase  shift,  and  travels  back  toward 
the  magnetron,  undergoing  a 90°  phase  shift.  Since  the  total  phase  change  is  360°,  the 
reflected  wave  constructively  interferes  with  the  outgoing  wave  and  no  energy  is  lost. 
The  electrode  is  also  placed  a distance  of  X/4  from  the  other  end  of  the  waveguide.  Here 
the  electric  field  is  at  a maximum,  and  the  coupling  of  the  electrode  to  the  field  is  most 
efficient.  Other  factors  which  determine  the  extent  of  coupling  include,  the  degree  of 
penetration  of  the  electrode  into  the  field,  and  the  length  of  the  electrode. 

The  propagation  of  a wave  in  a waveguide  depends  upion  the  frequency  of  the 
wave.  The  angle  of  incidence  that  the  plane  wave  makes  with  the  waveguide  wall 
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becomes  greater  as  the  wavelength  becomes  longer.  When  the  angle  of  incidence  reaches 
90° , the  wave  is  completely  attenuated.  The  longest  wavelength  which  will  be  supported 
by  a waveguide  in  the  dominant  TEio  mode  is  equal  to  twice  the  width  of  the  waveguide, 
and  is  known  as  the  cutoff  wavelength,  X^.  The  waveguide  must  be  wide  enough  to 
support  the  operating  wavelength  of  the  magnetron. 

Due  to  the  finite  impedance  associated  with  the  waveguide,  the  actual  wavelength 
in  the  waveguide,  is  greater  than  the  free-space  wavelength,  For  an  air  filled 
waveguide,  this  can  be  calculated  using  the  equation  below: 


v 


where  \q  is  the  free  space  wavelength,  is  the  cutoff  frequency  of  the  waveguide,  and 
V is  the  operating  frequency  of  the  magnetron.*** 

Instrumentation  Used  in  This  Work 

A capacitively  coupled  microwave  plasma  (CMP)  consists  of  a magnetron  which 
emits  microwaves  into  a waveguide.  As  described  previously,  the  waveguide  is  of  the 
proper  dimensions  to  support  a standing  microwave.  These  microwaves  are  capacitively 
coupled  to  an  electrode,  which  sits  at  the  other  end  of  the  waveguide.  The  electrode  is 
supported  in  a modified  ICP  quartz  torch,  where  the  central  channel  of  the  torch  has  been 
widened  to  accommodate  an  electrode.  Solutions  are  typically  nebulized  through  a 1 mm 
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hole  which  has  been  drilled  through  the  electrode,  and  into  a plasma  which  is  supported 
on  the  tip  of  the  electrode. 

Nebulization;  however,  cannot  be  used  with  viscous  samples  or  when  the  sample 
size  is  small.  Therefore,  a method  of  discrete  sample  introduction  had  to  be  devised. 
Ali  and  Wineforder“®  performed  work  using  a tungsten  filament  electrode,  which  not 
only  was  used  to  support  the  plasma,  but  also  to  hold  the  sample.  This  resulted  in  the 
complete  transfer  of  the  sample  into  the  plasma.  This  work  is  based  upon  that  of  Ali  and 
Winefordner,"^  who  characterized  the  tungsten  filament  electrode  for  the  discrete 
sampling  of  aqueous  solutions  into  a CMP. 

The  electrode  was  similar  to  that  used  by  Ali  and  Winefordner;“^  however,  some 
modifications  were  made  to  improve  its  performance.  Their  electrode  was  formed  by 
making  a loop  in  the  tungsten  wire  by  twisting  the  wire  over  itself.  The  ends  of  the  wire 
were  bent  to  be  perpendicular  to  the  loop.  Shoulders  were  added  to  the  ends  of  the  wire 
by  kinking  the  wire.  These  shoulders  were  used  to  keep  the  electrode  from  falling  into 
the  central  channel  of  the  modified  ICP  torch.  The  plasma  formed  not  only  on  the  loop 
of  the  wire,  but  on  the  shoulders  as  well,  decreasing  the  amount  of  power  that  was 
available  for  atomization  of  the  analyte.  This  work  uses  the  same  0.25  mm  diameter 
tungsten  wire  to  form  the  electrode.  However,  the  wire  was  tied  in  a knot  to  form  the 
loop.  The  ends  of  the  wire  were  then  bent  perpendicular  to  the  loop,  and  the  wire  was 
held  in  the  central  channel  of  the  torch  by  compression  of  the  wire  against  the  torch 
walls.  This  resulted  in  no  sharp  discontinuities  in  the  electrode  where  a plasma  could 
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form.  Instead,  the  plasma  formed  only  at  the  top  of  the  loop  where  the  analyte  was 
located. 

Microliter  volumes  of  sample  were  deposited  on  the  loop  of  the  electrode.  The 
sample  was  dried  at  low  microwave  powers  (<70  W).  The  microwaves  resistively 
heated  the  wire,  and  also  interacted  directly  with  the  sample.  The  power  was  decreased 
and  the  plasma  gas  was  initiated.  Helium  was  used  as  the  plasma  gas  due  to  its  great 
excitation  efficiency  and  low  background.  After,  the  helium  was  added  the  power  was 
increased  which  resulted  in  the  autoignition  of  the  plasma,  and  the  atomization  and 
excitation  of  lead.  A monochromator  and  photodiode  array  was  used  to  detect  the 
transient  emission. 

The  CMP  spectrometer  is  shown  in  Figure  3-3.  The  components  are  described 
in  Table  3-1.  The  magnetron  output  power  is  directly  related  to  the  power  input  from 
the  high  voltage  dc  power  supply,  which  negatively  biases  the  cathode  of  the  magnetron. 
Two  dc  power  supplies  were  used.  At  first  only  a voltage-regulated  supply  was  available 
(the  Hipotronics  power  supply,  model  803-330),  and  was  regulated  only  within  15  %. 
This  power  supply  was  specified  to  provide  only  3000  V,  although  at  full  scale  it 
produced  closer  to  4000  V.  Since  work  was  always  performed  above  3000  V and  the 
voltmeter  on  the  power  supply  did  not  go  above  3000  V,  a voltage  divider  was  put  in 
parallel  with  the  magnetron  to  allow  safe  measurement  of  the  voltage  output  by  the  power 
supply.  The  current  through  the  magnetron  was  measured  by  placing  a 1 Q resistor  in 
series  with  the  magnetron.  The  Hipotronics  power  supply  was  used  for  some  of  the 
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Table  3-1  CMP  Instrumentation 


Apparatus  / Manufacturer/ 
Description 

Model 

Location  of  Manufacturer 
or  Supplier 

D.C.  Power  Supply 

Hipotronics 
3000  V at  330  mA 

803-330 

Hipotronics,  Inc 
Brewster,  NY 

Bertran 

5000  V at  200  mA 

106-05R 

Bertran  High  Voltage 
Hicksville,  NY 

A.C.  Power  Transformer 

Magnetek  Triad 
6.3  V at  25  A 

F-28U 

Newark  Electronics 
Chicago,  IL 

High  Voltage  Reed  Relay 

Magnecraft 

W102VX-49 

Newark  Electronics 
Chicago,  IL 

Magnetron 

Samsung 
870  W 

OM-75A 

Richardson  Electronics 
Lafox,  IL 

Aluminum  Waveguide 

Lab  constructed  (LxWxH) 
280  mm  x 90  mm  x 46  mm 

Quartz  Plasma  Torch 

Lab  constructed 
2-tube  concentric 
(16  mm  o.d.,  3 mm  i.d.) 
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Table  3-1 -Continued 


Apparatus  / Manufacturer/ 
Description 

Model 

Location  of  Manufacturer 
or  Supplier 

Computer 

PC’s  Limited 
8 MHz  - 286 

28608L 

PC’s  Limited 
Austin,  TX 

D/A  and  A/D  converter 

SRS  Computer  Interface 

SR  245 

Stanford  Research  Systems 
Palo  Alto,  CA 

Boxcar  Averager 

SRS  Gated  Integrator  and 
Boxcar  Averager 

SR  250 

Stanford  Research  Systems 
Palo  Alto,  CA 

Photomultiplier  Tube 

Photomultiplier  Tube 

1P28 

Hammamatsu  Corporation 
Bridgewater,  NJ 

Photomultiplier  Power  Supply 

Pacific  High  Voltage 
Power  Supply 

226 

Pacific  Precision  Instruments 
Concord,  CA 

Monochromator 

Spex  0.5  m Monochromator 
1200  grooves/mm 
300-nm  blaze  wavelength 

1870 

Spex 

Edison,  NJ 

Intensified  Photodiode  Array 

Tracer  Northern 

TN-6122A 

Tracor-Northem 
Middleton,  WI 

Photodiode  Array  Controller 

Tracer  Northern 

TN-6500 

Tracor-Northem 
Middleton,  WI 
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aqueous  work.  A current-regulated  high  voltage  power  supply  (Bertran,  model  105-06R) 
was  later  obtained  when  funds  became  available.  This  power  supply  greatly  improved 
the  precision  of  this  work,  and  provided  up  to  5000  V at  200  mA.  The  power  supply 
was  operated  in  the  current  regulated  mode,  and  was  also  analog  programmable,  so  that, 
in  conjunction  with  a digital  to  analog  converter,  it  could  be  operated  under  computer 
control.  This  power  supply  was  used  for  all  the  analyses  of  lead  in  whole  blood.  A 
computer  program  written  in  QuickBasic®  was  used  along  with  the  Stanford  computer 
interface  listed  in  Table  3-1,  to  control  the  output  of  this  power  supply. 

The  dc  high  voltage  was  connected  to  the  secondary  of  a low  voltage  ac 
transformer.  The  ac  transformer  was  connected  to  the  tungsten  wire  in  the  magnetron 
cathode,  and  resistively  heated  the  tungsten  wire  producing  the  thermionic  emission 
necessary  for  operation  of  the  magnetron.  The  ac  transformer  was  on  continuously.  A 
general  wiring  diagram  for  the  microwave  power  supply  and  further  information  can  be 
found  in  references  by  Meiners  and  Alford,*^®  and  Chilukuri  and  Lichten.*^* 

A monochromator  and  photodiode  array  were  used  to  detect  the  transient  emission 
signal  resulting  from  the  atomization  step  in  the  plasma.  The  light  from  the  plasma  was 
collimated,  and  refocussed  into  the  monochromator,  using  standard  1:1  imaging.  The 
monochromator  had  a focal  length  of  0.5  m.  The  monochromator  was  typically  used 
with  a slit  width  of  120  ^m,  and  provided  a resolution  of  approximately  0.2  nm. 

The  detector  consisted  of  an  intensified  1024  element  diode  array.  The  diode 
array  consisted  of  a linear  array  of  silicon  photodiodes  each  of  which  were  equally 
spaced  by  25.4  fim.  The  peak  sensitivity  of  the  photodiodes  fell  at  750  nm.  The 
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intensifier  shifted  the  peak  sensitivity  to  between  450  and  550  nm,  and  provided  a 
maximum  gain  of  6,000  over  the  equivalent  non-intensified  photodiode  array.  The  peak 
quantum  efficiency  of  this  detector  was  approximately  12  % . 

The  diode  array  operated  in  a charge-storage  mode.  Incident  radiation  on  the 
detector  is  converted  to  a charge.  After  a specified  integration  time,  the  charge  on  each 
diode  is  determined  sequentially,  and  the  diodes  are  discharged.  The  integration  time  is 
specified  by  the  user,  and  is  limited  by  the  readout  time  of  the  array.  The  readout  time 
is  10  fis  per  diode  plus  a 300  fxs  overhead.  It  took  approximately  10  ms  to  readout  the 
array.  Since  the  entire  array  must  be  read  out  after  every  integration  period,  too  short 
an  integration  time  lowered  the  duty  cycle  of  a measurement.  Further  information  on 
diode  array  operation  can  be  found  in  a reference  by  Ingle  and  Crouch. 

The  monochromator  dispersed  a 40  nm  wavelength  region  across  the  array. 
Simultaneous  background  correction  is  possible,  which  is  particularly  advantageous  in 
emission  spectroscopy  where  the  background  is  known  to  vary  in  time.  In  addition, 
spectral  interferences  can  be  identified  easily  with  a photodiode  array.  A disadvantage 
of  the  diode  array  is  its  cost. 

The  diode  array  was  triggered  to  start  collecting  data  in  one  of  two  ways, 
depending  on  whether  an  aqueous  or  whole  blood  sample  was  analyzed.  With  aqueous 
samples,  the  detector  was  triggered  off  the  light  that  emanated  from  the  plasma.  After 
the  aqueous  sample  had  been  dried,  the  helium  gas  flow  initiated,  and  the  microwave 
power  increased  to  form  a plasma,  the  light  from  the  plasma  was  used  to  trigger  the 
photodiode  array.  The  light  from  the  plasma  was  detected  with  a photomultiplier  tube 
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(PMT)  which  was  protected  from  overexposure  using  a neutral  density  filter.  The  PMT 
current  was  converted  to  a voltage  using  a transimpedance  amplifier,  and  sent  into  the 
input  of  an  operational  amplifier  (op-amp).  The  operational  amplifier  was  used  as  a 
voltage  follower  with  gain.*^^  Since  only  12  V was  supplied  to  the  op-amp,  it  soon 
became  saturated  at  a level  well  below  that  which  would  harm  the  trigger  input  on  the 
photodiode  array.  This  circuit  had  a response  time  of  less  than  6 ms,  and  was  useful  in 
synchronizing  the  plasma  ignition  with  the  detection  electronics.  The  trigger  signal  is 
shown  in  Figure  3-4.  This  was  the  first  attempt  in  our  laboratory  to  synchronize  the 
plasma  ignition  with  the  detection  electronics.  Ali  et  first  triggered  the 

photodiode  array,  and  then  ignited  the  plasma.  Afterwards,  they  sorted  through  the 
spectra  collected  to  determine  when  the  plasma  ignited.  This  is  an  inefficient  process, 
especially  when  the  number  of  spectra  collected  is  great. 

With  the  blood  samples,  a plasma  ashing  stage  was  used  after  the  drying  stage. 
After  drying  the  blood  sample,  a low  power  plasma  was  used  to  ash  the  sample  before 
a higher  power  plasma  was  used  to  atomize  the  sample.  Since  the  plasma  was  never 
turned  off  a light-based  trigger  was  not  useful.  In  this  case,  the  digital  to  analog 
converter  controlling  the  dc  power  supply  was  used  to  send  a TTL  HI  (>  2.4  V)  signal 
to  the  diode  array  trigger  input  just  before  the  power  was  increased.  This  triggering 
method  was  not  used  in  the  case  of  aqueous  samples,  since  there  was  a variable  delay 
between  the  increase  in  power  output  of  the  supply  and  the  ignition  of  the  plasma. 
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Determination  of  the  Optimum  Length  and  Position  of  the  Electrode 

The  coupling  of  the  electrode  to  the  electric  field  is  known  to  depend  on  the 
length  of  the  electrode,  the  position  of  the  electrode  within  the  electric  field,  as  well  as 
the  distance  of  the  electrode  from  the  waveguide  wall.  The  distance  of  the  electrode 
from  the  waveguide  wall  was  fixed  at  X/4.  The  remaining  parameters  to  be  optimized 
included  the  length  of  the  electrode,  and  the  depth  of  penetration  of  the  electrode  into  the 
electric  field  (i.e.  the  vertical  position  of  the  electrode  with  respect  to  the  waveguide). 
Experimental 

The  extent  of  coupling  of  the  electrode  to  the  electric  field  was  determined  by 
moving  the  electrode  vertically  relative  to  the  waveguide  every  3 mm,  and  then 
measuring  the  minimum  power  necessary  for  the  plasma  to  be  sustained.  The  power  was 
increased  by  operating  the  power  supply  in  the  current-regulated  mode,  and  increasing 
the  current  incrementally  by  2 mA  from  a base  current  of  15  mA  until  a plasma  could 
be  sustained.  A metal  wire  was  used  to  ignite  the  discharge  by  touching  the  wire  to  the 
electrode.  If  the  plasma  did  not  extinguished  after  the  wire  was  removed,  then  the 
power,  voltage,  and  current  were  recorded.  Better  coupling  was  achieved  at  a position 
where  the  plasma  can  be  sustained  at  a lower  power.  This  experiment  was  carried  out 
using  electrodes  of  different  lengths:  65  mm,  60  mm,  55  mm,  50  mm,  45  mm,  and 
40  mm. 

Results 

The  40  mm  and  45  mm  electrodes  could  not  be  used  in  analytical  determinations 
since  a plasma  was  just  as  likely  to  ignite  on  the  bottom  of  the  electrode,  as  on  the  top. 
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The  50  mm  through  65  mm  electrodes  were  all  equally  useful.  A profile  of  the  voltage, 
power,  and  current  curve  is  shown  for  the  65  mm  electrode  in  Figure  3-5.  For  a small 
change  in  current,  there  was  a large  change  in  power,  although,  there  is  little  dependence 
of  the  power  on  the  applied  voltage.  The  optimum  coupling  of  the  electrode  to  the  field 
occurred  when  the  bottom  of  the  electrode  penetrated  the  waveguide  by  at  least  3 cm. 
This  corresponded  to  approximately  1/4  the  waveguide  wavelength,  X^.  The  electrode 
used  to  support  the  plasma  acts  much  like  a "cavity  antenna" which  is  used  to 
transmit  energy  out  of  a waveguide,  the  optimum  position  for  coupling  for  a cavity 
antenna  is  1/4 

One  unique  feature  of  the  CMP  versus  the  MIP  and  ICP  is  that  it  autoignites  at 
fairly  low  applied  voltages.  This  can  be  attributed  to  the  small  diameter  of  the  electrode 
upon  which  large  electric  field  strengths  are  generated.  A spark  is  not  necessary  to  ignite 
the  plasma,  as  in  an  MIP  or  ICP.  As  seen  in  Figure  3-5  if  the  electrode  penetrated  the 
waveguide  by  more  than  3 cm,  the  voltage  increased  for  a given  current.  Since  it  is 
necessary  to  exceed  the  breakdown  potential  of  the  gas  in  order  for  the  plasma  to 
autoignite,  the  tungsten  electrode  was  placed  3.5  cm  into  the  waveguide.  Approximately 
3600  V,  as  measured  on  the  dc  power  supply  was  necessary  to  breakdown  the  helium 
gas.  This  autoignition  feature  is  especially  important  for  discrete  sampling  in  the  CMP, 
where  it  is  necessary  to  create  a stable  plasma  rapidly,  before  the  analyte  is  vaporized 
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Conclusions 

Magnetrons  are  used  to  generate  energy  at  microwave  frequencies.  They  are 
coupled  to  a waveguide  which  transfers  energy  to  the  electrode  much  more  efficiently 
than  conventional  transmission  lines,  i.e.  coaxial  cable.  Such  a device  is  very 
inexpensive.  The  optimum  coupling  of  the  electrode  to  the  waveguide  was  determined 
to  be  independent  of  the  length  of  the  electrode,  but  depends  on  the  insertion  depth  of 
the  electrode  into  the  waveguide.  When  the  bottom  of  the  electrode  penetrated  the  cavity 
by  > 3.0  cm,  coupling  was  optimum  and  the  plasma  would  autoignite. 


CHAPTER  4 

THE  DETERMINATION  OF  LEAD  IN  AQUEOUS  SAMPLES  USING 

DSI-CMP-AES 


General  Introduction 

Ali  and  Winefordner“®  first  characterized  the  use  of  a tungsten  filament  electrode 
for  the  discrete  introduction  of  aqueous  samples  into  a capacitively  coupled 
helium/hydrogen  microwave  plasma.  Excellent  absolute  detection  limits  in  the  1 - 100  pg 
range  were  obtained  for  12  elements  using  2 fiL  aliquots.  The  precision  ranged  from 
5 to  10%.  However,  Pb  was  not  one  of  the  12  elements  studied.  Therefore,  it  was  of 
importance  to  characterize  the  use  of  this  discrete  sample  introduction  technique  for  the 
determination  of  lead.  In  this  chapter,  several  aspects  of  a pure  He  CMP  are 
characterized  with  the  main  goal  of  determining  Pb  at  concentrations  below  100  ppb  with 
a precision  less  than  10  % . 

Selection  of  Wavelength 

Introduction 

One  of  the  major  disadvantages  of  any  electrode  supported  plasma  - i.e.  the  glow 
discharge,  DC  Arc,  DCP,  or  CMP,  is  the  emission  that  originates  as  the  electrode  itself 
decomposes,  and  is  atomized  and  excited.  Emission  from  the  plasma  support  gas  and 
small  molecular  species  found  in  plasmas  - i.e.  OH,  CN,  etc.  must  also  be  avoided. 
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Therefore,  it  is  of  paramount  importance  to  select  an  analytical  emission  line  which  is 
well  resolved  from  the  emission  background  due  to  the  electrode,  the  plasma  support  gas, 
and  to  a lesser  extent  due  to  their  generally  weaker  intensity,  from  molecular  species 
which  may  be  present.  In  addition,  the  analytical  emission  line  must  be  sufficiently 
sensitive  to  yield  the  necessary  detection  limit.  The  relative  Pb  emission  intensities 
observed  by  Vermaak  et  in  a 600  W Pt-clad,  tungsten  electrode  supported  air- 
plasma  CMP  are  shown  in  Table  4-1. 


Table  4-1  Relative  Emission  Intensities  in  an  air-plasma  CMP 


Wavelength  (nm) 

Relative  Signal 

Relative  Background 

Signal/Background 

405.8 

100 

1.0 

100 

368.3 

65 

1.8 

36 

364.0 

30 

1.6 

19 

283.3 

43 

5.5 

8 

280.2 

22 

3.7 

6 

Experimental 

Procedure 

Initial  work  started  with  a tungsten  electrode  supported  helium  plasma  similar  to 
that  used  by  Ali  and  Winefordner."®  The  background  spectrum  was  characterized  at 
each  of  the  wavelengths  shown  in  Table  4-1.  The  forward  power  was  170  W.  For  those 
wavelengths  that  looked  promising,  the  lead  signal  to  noise  ratio  was  determined  in  the 
following  manner:  5 /xL  of  a 22  ppm  Pb  standard  was  deposited  on  the  electrode  with 
an  air  displacement  pipet,  dried  capacitively  for  90  s at  70  W,  and  then  atomized  at 
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170  W.  The  He  flow  rate  was  10  L/min,  and  was  initiated  after  the  drying  step  since, 
at  the  power  used  during  the  drying  step,  a He  plasma  would  have  ignited.  No  purge 
gas  is  present  during  the  drying  step. 

Reagents 

All  Pb  solutions  used  were  prepared  by  serial  dilution  of  a commercially  available 
1000  ppm  atomic  absorption  standard  (Fisher-Scientific,  Pittsburgh,  PA). 

Results 

Tungsten  has  a rich  spectrum  near  280  nm  as  shown  in  Figure  4-1.  In  fact,  a 
tungsten  line  at  283.3  nm  completely  prevents  the  determination  of  Pb  at  the  same 
wavelength.  The  background  in  this  region  is  also  very  structured,  making  the 
determination  of  Pb  at  280.2  nm  very  difficult.  Background  spectra  obtained  at  364.0, 
368.3,  and  405.8  nm  were  much  cleaner  with  no  tungsten  interferences  within  1 nm  of 
the  lead  emission  line;  however,  a weak  molecular  background  was  present  in  all  cases. 
Figure  4-2  depicts  the  emission  spectra  of  Pb  at  both  364.0  nm  and  368.3  nm.  Both 
wavelengths  are  completely  free  from  W emission;  however,  a weak  molecular 
background  is  present.  The  emission  spectra  of  Pb  at  405.8  nm  is  presented  in  Figure 
4-3.  Potential  interferences  in  this  region  include  two  tungsten  emission  lines  at  404.6 
and  407.0  nm,  and  a molecular  background  with  a bandhead  at  405.9  nm  which  is 
degraded  toward  the  ultraviolet  (This  cannot  be  seen  under  the  Pb  peak  in  Figure  4-3, 
but  will  be  discussed  later  in  this  chapter).  Both  tungsten  lines  are  over  1 nm  away  and 
are  therefore  easily  resolved  from  the  Pb  emission  line;  however,  the  molecular  emission 
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cannot  be  resolved  and  required  that  a blank  be  measured.  Since  the  baseline  was  not 
flat,  a simple  off-wavelength  correction  scheme  would  not  have  been  adequate.  The 
signal  to  noise  ratio  for  lead  was  determined  for  these  3 wavelengths  and  the  results  are 
shown  in  Table  4-2.  The  larger  signal  for  the  line  at  368.3  nm  compared  to  the  line  at 
405.8  nm  is  an  artifact  of  the  detection  system.  When  corrected  for  the  response  of  the 
spectrometer  the  intensity  of  the  405.8  nm  line  is  actually  1.22  x greater  than  the 
368.3  nm  line.  In  any  case,  the  signal  to  noise  ratio  is  greatest  at  405.8  nm  and  was 
used  in  subsequent  work. 


Table  4-2  Pb  Signal/Noise  Ratio  at  364.0,  368.3  and  405.8  nm 


Wavelength 

(nm) 

Signal 

Noise 

Signal/Noise 

405.8 

14532  ± 894 

16.9  ± 2.7 

874  + 105 

368.3 

22169  ± 2183 

29.7  ± 3.2 

752  ± 83 

364.0 

7894  ± 964 

13.0  ± 2.8 

618  ± 74 

Selection  of  Electrode  Material 

Introduction 

The  tungsten  emission  intensity  was  observed  to  increase  as  the  electrode  aged. 
This  resulted  in  a decreased  signal  to  noise  ratio  for  Pb.  Therefore,  other  possible 
electrode  materials  were  examined.  No  comparative  study  had  been  performed  on  the 
range  of  materials  which  might  be  used  in  a wire-electrode  based  CMP.  Tungsten  had 
initially  been  chosen  since  it  has  the  highest  melting  point  (3683  K)  of  all  metals. 
However,  tungsten  is  hardly  ideal  as  it  is  very  reactive,  forms  an  oxide  readily,  and  has 
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a fairly  rich  spectrum.  In  addition,  if  different  metal  electrodes  could  be  used,  then  one 
could  simply  switch  to  a different  metal  electrode  if  a spectral  interference  occurred. 
The  electrode  must  have  a higher  melting  point  than  the  plasma  gas  temperature  and  must 
be  conductive. 

Experimental 

Electrodes 

The  wires  necessary  to  make  the  electrodes  were  obtained  from  AESAR  / Johnson 
Matthey,  Ward  Hill,  MA. 

Procedure 

The  background  emission  spectra  of  the  materials  shown  in  Table  4-3  were 
characterized  at  405.8  nm.  A He  discharge  was  ignited  for  a period  of  10  seconds  at  a 
power  of  170  W on  each  electrode.  Some  of  the  electrodes  melted.  Each  electrode 
material  was  fired  three  times  to  ensure  that  the  results  obtained  were  consistent. 
Results 

Most  of  the  electrodes  melted  before  the  10  s period  had  expired.  More 
precisely,  the  tip  of  the  electrode  which  was  in  direct  contact  with  the  plasma  melted. 
However,  the  tungsten,  molybdenum,  and  Pt-clad  tungsten  electrodes  survived.  The  Pt- 
clad  tungsten  electrode;  however,  lost  its  Pt-coating  as  soon  as  the  discharge  had  ignited 
limiting  its  usefulness.  It  is  surprising  that  the  Mo  electrode  survived  while  the  Ta 
electrode  did  not,  since  pure  Ta  has  a higher  melting  point  than  pure  Mo.  Perhaps  the 
lower  purity  level  of  the  Ta  electrode  depressed  its  melting  point  to  lower  than  Mo. 
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Table  4-3  Different  Electrode  Materials 


Element 

Diameter  (mm) 

Melting  Point  (°C) 

Metal  Purity  (%) 

W 

0.25 

3410 

99.98 

V 

0.127 

1890 

99.8 

Pt 

0.25 

1772 

99.998 

Mo 

0.25 

2617 

99.97 

Ni 

0.25 

1453 

99.994 

Ti 

0.25 

1660 

99.99 

Ta 

0.25 

2996 

99.9 

Pt-Clad  W 

4 fim  on  0.25 

- 

- 
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Also,  the  thermal  conductivity  of  Ta,  which  is  only  0.4  times  that  of  Mo  was  insufficient 
to  dissipate  the  heat  along  the  length  of  the  electrode  before  it  melted. 

This  experiment  implies  that  the  gas  temperature  of  the  plasma  at  a power  of 
170  W lies  between  the  melting  points  of  V and  Mo,  2163  K and  2830  K.  This  agrees 
with  the  spectroscopic  temperature  measurement  of  Ali  and  Winefordner,*^  who  found 
that  at  a power  of  100  W,  the  temperature  of  the  tungsten  filament  He-CMP  was 
approximately  2400  K. 

The  tungsten  and  molybdenum  emission  spectra  are  shown  in  Figure  4-4. 
Molybdenum  emission  lines  nearest  the  Pb  emission  at  405.8  nm  appear  at  406.2  nm  and 
407.0  nm.  Because  molybdenum  requires  greater  resolution  than  tungsten  to  be 
separated  from  the  lead  emission,  tungsten  was  determined  to  be  the  electrode  of  choice. 

Evaluation  of  the  He  Purge  Time 

Introduction 

Some  molecular  emission  was  observed  in  the  405.8  nm  wavelength  region  which 
had  a bandhead  at  405.9  nm.  An  experiment  was  performed  to  identify  if  the  source  of 
this  emission  originated  from  the  electrode,  from  air  entrainment  into  the  atmospheric 
pressure  plasma,  or  from  impurities  in  the  He  plasma  gas. 

Experimental 

Helium  at  a flow  rate  of  10  L/min  was  allowed  to  purge  the  torch  for  increasing 
amounts  of  time  prior  to  igniting  the  plasma.  The  emission  was  measured  when  the 
plasma  ignited.  If  air  entrainment  into  the  plasma  was  the  source  of  the  molecular 
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emission,  then  longer  purging  times  should  have  resulted  in  a lower  molecular  emission 
background. 

Results 

The  results  are  shown  in  Figures  4-5  to  Figure  4-7.  The  diode  array  was 
triggered  when  the  plasma  ignited,  and  was  read  out  every  0.18  s.  Five  spectra  are 
shown  in  each  plot  which  represent  the  time  periods  from  0.18  to  0.90  s.  This 
corresponds  to  the  time  interval  when  lead  emission  is  observed.  Figure  4-5  to  Figure 
4-7  depict  the  results  of  5,  30,  and  300  s helium  purges,  respectively,  prior  to  igniting 
the  plasma.  In  Figure  4-5,  emission  resulting  from  N2'^  was  observed  at  405.9  nm,  and 
the  tungsten  background  was  very  intense.  The  molecular  peak  at  405.9  nm  was 
identified  using  a standard  wavelength  table, was  observed  in  a pure  N2  plasma,  and 
also  when  compressed  air  at  a flow  rate  of  100  mL/min  was  added  to  the  He  plasma. 
In  Figure  4-6,  the  baseline  between  the  tungsten  peaks  is  very  flat  and  the  tungsten 
emission  has  been  greatly  reduced.  In  Figure  4-7,  only  a high  fixed  frequency  noise  was 
observed.  Fixed  frequency  noise  has  been  observed  previously  on  diode  array  spectra 
and  is  attributed  to  the  feedthrough  of  the  clocking  signals,  and  occurs  at  exactly  1/4  of 
the  clock  frequency.*^®  This  noise  was  only  observed  when  the  emission  background 
was  low  (<  100  counts).  The  frequency  of  the  noise  was  identified  as  0.032/diode  by 
taking  the  Fourier  transform  of  the  noise,  and  subsequently  a filter  was  created  which 
blocked  only  this  frequency.  The  application  of  this  filter  to  lead  signals  is  discussed 
later  in  this  chapter.  These  results  show  that  the  source  of  molecular  emission  was  due 
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to  air  entrainment  into  the  plasma  and  therefore,  a smaller,  lower  dead  volume  torch 
which  could  be  purged  with  a lower  He  flow  rate  and  in  a shorter  time  should  be 
beneficial.  In  addition,  since  it  was  possible  to  remove  all  the  background  tungsten 
emission,  determination  of  an  element  which  had  an  emission  line  which  coincided  with 
a tungsten  emission  line  would  be  possible.  Apparently,  W must  be  oxidized  before  W 
emission  is  seen,  i.e.  the  volatility  of  W is  low  at  approximately  2400  K.  Concerning 
thedetermination  of  lead,  the  signal  to  noise  ratio  improved  up  to  a purge  time  of  30  s, 
but  did  not  improve  thereafter.  Apparently,  30  s was  enough  to  reduce  the  mole  fraction 
of  Nj  to  levels  where  the  emission  was  below  the  detection  limit  of  the  instrument. 
In  addition,  the  purge  lengthened  the  life  of  the  electrode. 

Flow  Rate  Optimization 

Introduction 

Helium  is  the  most  expensive  of  the  gases  typically  used  in  plasmas,  i.e.  N2  and 
Ar.  Helium  is  approximately  twice  as  costly  as  Ar  and  ten  times  as  costly  as  Nj. 
Therefore,  it  was  important  to  determine  the  minimum  He  flow  rate  that  yields  the  best 
signal  to  noise  ratio  for  Pb. 

Experimental 

Five  fj.L  aliquots  of  a 1 ppm  Pb  standard  were  deposited  on  the  electrode,  dried 
at  70  W,  and  then  atomized  at  170  W. 

Results 

The  results  obtained  are  shown  in  Figure  4-8.  The  Pb  signal  decreased  with  an 
increase  in  the  He  flow  rate;  however,  the  noise  increased  rapidly.  The  increase  in  noise 


Figure  4-8:  Lead  signal  and  signal/noise  ratio  versus  the  helium  flow  rate. 

bars  represent  1 standard  deviation  based  on  6 measurements. 
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is  mostly  a result  of  increased  air  entrainment  which  oxidized  the  electrode  resulting  in 
greater  tungsten  emission  and  the  increased  N2'^  emission  at  405,9  nm.  A higher  flow 
rate;  however,  decreased  the  residence  time  of  the  Pb  in  the  plasma,  and  resulted  in 
greater  cooling  of  the  plasma,  perhaps  decreasing  the  atomization  efficiency.  The  best 
results  were  obtained  at  a He  flow  rate  of  10  L/min.  Higher  flow  rates  were  not  tested 
due  to  the  high  cost  of  He. 

Radial  and  Axial  Profile 
Introduction 

The  spatial  distribution  of  Pb  emission  in  the  plasma  was  briefly  characterized. 
The  whole  plasma  was  not  imaged  into  the  spectrometer;  therefore,  it  was  important  to 
determine  the  spatial  variation  of  the  Pb  signal  to  noise  ratio.  In  addition,  such  a study 
revealed  the  critical  alignment  process  when  a new  electrode  had  to  be  inserted. 
Experimental 

The  radial  optimization  was  performed  using  5 /xL  of  a 64  ppb  Pb  standard 
(320  pg  Pb).  The  axial  profile  was  performed  using  5 /xL  of  a 2 ppm  Pb  standard.  The 
samples  were  dried  for  90  s at  70  W,  and  atomized  at  170  W. 

Results 

Figure  4-9  shows  both  the  radial  and  axial  profiles.  The  lead  signal  to  noise  ratio 
is  optimum  within  1 mm  of  the  top  of  the  electrode.  In  addition,  the  lead  signal  to  noise 
ratio  is  optimum  within  1 mm  of  the  center  of  the  plasma.  The  alignment  process  is 
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critical  to  the  performance  of  the  device,  and  one  must  be  within  1 mm  of  the  optimum 
in  both  the  axial  and  radial  directions  to  have  a maximum  signal  to  noise  ratio. 

Power  Optimization 

Introduction 

The  power  applied  to  the  plasma  is  known  to  influence  both  the  atomization  and 
excitation  efficiency  of  an  analyte.  For  these  reasons,  the  Pb  signal  to  noise  ratio  was 
monitored  as  a function  of  the  applied  power. 

Experimental 

Two  fiL  of  a 10  ppm  Pb  standard  was  used.  The  sample  was  dried  using  the 
same  conditions  as  in  previous  studies,  followed  by  atomization  at  higher  powers. 
Results 

The  lead  signal  was  integrated  over  a period  of  3 s from  ignition  of  the  plasma. 
Representative  temporal  profiles  are  shown  in  Figure  4-10.  The  signal  profile  becomes 
sharper  and  more  intense  as  the  power  is  increased.  However,  above  172  W there  is  no 
gain  in  the  integrated  signal  to  noise  ratio.  Figure  4-11.  At  172  W,  the  electrode  could 
sustain  approximately  200  firings,  while  at  powers  greater  than  250  W,  the  electrode 
lasted  only  5 firings.  Therefore,  a power  of  approximately  170  W was  used  in  further 
studies.  At  a power  of  170  W,  the  FWHM  of  the  temporal  emission  profile  was 
approximately  0.11  s. 

Calibration  Curve 

Several  calibration  curves  were  measured  following  each  optimization  in  order  to 
determine  the  figures  of  merit  for  Pb. 
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Experimental 

Lead  solutions  were  prepared  by  serial  dilution  of  a commercially  available 
1000  ppm  aqueous  Pb  standard.  Aqueous  samples  of  10  yiL  volume  were  deposited  on 
the  electrode  with  an  air  displacement  pipet  and  dried  at  75  W for  90  s.  After  the  drying 
step,  the  microwave  power  was  decreased  to  13  W and  the  helium  plasma  gas  flow  rate 
was  set  to  10  L/min.  The  microwave  power  was  then  increased  to  170  W which  ignited 
the  plasma  and  atomized  and  excited  the  sample.  A photodiode  array 
spectrometerdetected  the  transient  lead  emission  signal.  The  photodiode  array  was 
triggered  to  start  acquiring  data  when  the  plasma  ignited,  and  was  read  out  every  0.18 
s for  forty  successive  times  resulting  in  a time  resolved  profile  of  the  lead  signal.  The 
results  were  stored  and  analyzed  with  a computer.  For  all  measurements  a 
monochromator  slit  width  of  120  ^m  was  employed. 

Results 

The  results  obtained  are  shown  in  Table  4-4.  Representative  temporal  profiles 
are  shown  in  Figure  4-12.  The  time  axis  ranges  from  0 s to  1.5  s for  each  temporal 
profile  shown  in  Figure  4-12.  The  calibration  curve  was  linear  (R^=0.994)  from  the 
detection  limit  to  1 ppm.  Previous  calibration  curves  have  shown  that  the  Pb  emission 
signal  became  nonlinear  at  Pb  concentrations  greater  than  1 ppm.  This  corresponds  to 
a linear  dynamic  range  of  about  three  orders  of  magnitude.  The  concentration  detection 
limit  corresponding  to  three  times  the  noise  on  the  blank  was  2 ppb,  and  the  mass 
detection  limit  was  20  pg. 
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Table  4-4  Calibration  Curve  Results 


Concentration  (ppb) 

Signal 

Standard 

Deviation 

% RSD 

1000 

3809 

327 

8.59 

836 

3327 

181 

5.44 

590 

2033 

200 

9.86 

64 

263 

16 

6.0 

11.2 

33 

5.8 

17 

2000  I 1 , 1 , , 2000 
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Previous  calibration  curves  have  shown  that  a detection  limit  of  0.6  ppb  (3  pg)  can  be 
obtained  with  5 /iL  samples.  In  addition,  the  % RSD  was  better  than  10  % at 
concentrations  greater  than  100  ppb.  These  limits  meet  those  required  by  the  CDC  for 
a screening  device.  The  concentration  detection  limit  is  better  than  that  achieved  by 
nebulization-based  AES  (see  Table  4-5),  and  the  mass  detection  limit  is  comparable  to 
that  achieved  by  ETA-AAS  (11  pg)*^°  and  ETV-AES  and  DSI-AES  (again,  see 
Table  4-5).  Figure  4-13  depicts  a 64  ppb  Pb  signal  and  shows  the  high  sensitivity  that 
can  be  obtained  with  this  device.  In  addition,  it  shows  the  performance  of  a blocking 
filter  to  remove  noise  without  distorting  the  signal.  The  difference  in  the  peak  height 
measurement  of  the  Pb  signal  before  and  after  filtering  was  <2%.  The  total  analysis 
time  per  sample  was  less  than  2 minutes.  No  memory  effects  were  observed  even  at 
high  lead  concentrations  (>  100  ppm)  as  long  as  the  plasma  was  left  on  for  a period  of 
ten  seconds. 

Conclusions 

The  tungsten  filament  based  He  CMP  is  a very  sensitive  emission  technique  which 
can  compete  with  graphite  furnace  atomic  absorption  spectroscopy.  This  results  mainly 
from  the  high  sampling  efficiency  in  which  100%  of  the  sample  is  introduced  into  the 
plasma  in  a short  period  of  time  (0.11  s FWHM).  The  filament  and  purge  time 
optimizations  dealt  with  removing  a molecular  interferent,  and  reducing  the  rate  of 
erosion  of  the  electrode.  Both  were  achieved  by  allowing  He  to  purge  the  plasma  torch 
for  a period  of  30  s prior  to  igniting  the  plasma.  Redesign  of  the  plasma  torch  to  reduce 
the  dead  volume  of  the  torch  is  warranted.  In  addition,  selective  determination  of  an 
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element  which  overlaps  a tungsten  emission  line  is  possible  with  a good  He  purge.  For 
the  determination  of  Pb,  linearity  ranged  from  the  detection  limit  (2  ppb)  to  1 ppm.  The 
precision  (%  RSD)  varied  from  5 to  10  % at  concentrations  greater  than  64  ppb.  The 
total  analysis  time  per  sample  was  less  than  2 minutes.  The  majority  of  that  time,  90  s 
is  devoted  to  drying  the  sample.  Further  improvements  could  certainly  be  made,  and  are 
described  in  Chapter  6. 


Table  4-5  Aqueous  Pb  Detection  Limits  by  Atomic  Emission 
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CHAPTER  5 

THE  DETERMINATION  OF  LEAD  IN  WHOLE  BLOOD  BY  DSI-CMP-AES 


The  primary  goal  of  this  research  was  to  develop  a method  which  would  meet  the 
requirements  set  by  the  Centers  for  Disease  Control  (Atlanta,  GA)  for  a lead  in  whole 
blood  screening  technique.  Those  requirements  entailed  being  able  to  determine  lead  in 
whole  blood  at  a level  of  100  ppb  being  within  10  % of  the  true  value  with  a precision 
of  10  % or  better.  The  detection  limit  of  the  method  must  be  below  20  ppb.  The 
sample  size  was  limited  to  200  ixL,  and  the  analysis  time  per  sample  including  sample 
preparation  was  limited  to  5 minutes. 

Characterization  of  Whole  Blood  at  405  nm 
For  an  analytical  method  to  be  useful,  the  analyte  signal  must  be  easily  resolved 
from  the  background  signal.  In  the  case  of  emission,  the  Pb  emission  line  should  be 
well-resolved  from  neighboring  emission  lines.  The  background  emission  of  whole  blood 
was  measured  at  405  nm.  The  background  emission  lines  were  tentatively  identified  by 
their  apparent  wavelength.  This  wavelength  was  obtained  by  interpolation  after  the  diode 
array  had  been  calibrated  with  several  aqueous  standards.  The  identity  of  the  background 
emission  lines  were  confirmed  by  comparing  the  spectra  obtained  from  aqueous  standards 
to  the  spectra  obtained  from  whole  blood. 
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Experimental 

A 544  ppb  (mass/mass)  whole  blood  standard  was  prepared  by  adding 
approximately  0.5  mL  of  an  aqueous  1 ppm  Pb  solution  to  0.5  mL  of  a human  whole 
blood  sample  using  an  air  displacement  pipette.  Because  blood  proved  difficult  to 
transfer  quantitatively,  the  actual  concentration  was  determined  by  weighing  the  portions 
of  the  whole  blood  and  the  aqueous  1 ppm  solution. 

Five  fiL  of  this  whole  blood  standard  was  deposited  on  the  electrode  using  a 
positive  displacement  pipette.  An  air  displacement  pipette  had  been  tested  for  this  step 
also,  but  had  exhibited  a precision  of  40  % for  10  fiL  sample  volumes  while  a positive 
displacement  pipette  had  a much  better  precision  of  9 % for  2 sample  volumes.  The 
sample  was  dried  for  90  s at  70  W.  Following  this  step,  helium  was  allowed  to  purge 
the  torch  at  a flow  rate  of  10  L/min  for  30  s.  The  power  had  been  reduced  to  13  W 
before  the  He  flow  had  been  initiated.  The  blood  was  then  atomized  and  excited  at  a 
power  of  170  W.  The  monochromator  was  operated  with  a narrow  slit  width  of  20  fxm 
to  ensure  that  most  of  the  emission  lines  would  be  resolved. 

Aqueous  standards  were  prepared  to  help  verify  the  identity  of  the  background 
emission  lines.  These  standards  are  identified  in  Table  5-1.  The  Ca,  Mn,  Fe,  and  K 
were  obtained  commercially  in  the  form  of  atomic  absorption  standards.  Copper  was 
obtained  as  ACS  grade  copper  sulfate  and  was  dissolved  in  5 % sulfuric  acid.  The 
sodium  carbonate  was  obtained  as  ACS  grade  powder  and  was  dissolved  in  distilled 


water. 
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Results 

The  emission  spectrum  of  whole  blood  from  approximately  385  to  425  nm  is 
shown  in  Figure  5-1 . The  CN  bands  are  the  most  predominant  feature  in  this  wavelength 
region,  and  obscure  the  regions  386.2  - 388.3  nm,  and  415.2  - 421.6  nm.  Calcium 
presents  the  next  strongest  emission  lines  at  393.4,  396.8,  and  422.7  nm.  While  these 
Table  5-1  Aqueous  Standards 


Compound 

Concentration 

Ca(N03)2 

1 ppth*  Ca 

Mn(N03)2 

1 ppth  Mn 

Fe(N03)2 

250  ppm  Fe 

CUSO4 

1 ppth  Cu 

Na2C03 

10  % 

KNO3 

1 ppth  K 

* ppth  = parts  per  thousand 


emission  lines  are  intense,  they  are  far  enough  away  from  the  Pb  emission  line  at 
405.8  nm  that  they  do  not  spectrally  interfere.  Potassium  emission  lines  at  404.4  nm  and 
404.7  nm  are  the  strongest  emission  lines  near  Pb  and  present  the  greatest  potential  to 
interfere  with  the  determination  of  lead.  Figures  5-2  through  5-4  show  spectra  obtained 
from  aqueous  standards  which  were  used  to  confirm  the  identity  of  these  lines. 

An  expanded  view  of  the  whole  blood  spectrum  is  shown  in  Figure  5-5.  The 
potassium  peak  has  been  truncated  in  order  to  show  the  lower  intensity  emission  lines  in 
greater  detail.  One  can  barely  see  the  Pb  signal  at  405.8  nm.  While  K is  the  nearest 
spectral  interferent  at  shorter  wavelengths,  Fe  is  the  nearest  spectral  interferent  at  longer 
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wavelengths.  An  aqueous  spectrum  of  250  ppm  Fe  is  shown  in  Figure  5-6,  which  shows 
Fe  emission  at  404.6  nm,  406.4  nm,  and  407.2  nm.  Iron  is  present  in  the  human  body 
at  approximately  59  ppm. 

Characterization  of  the  Plasma  Ashing  Step  using  Aqueous  Samples 

The  amount  of  sample  which  enters  the  plasma  during  the  atomization  stage  is 
critical.  Introducing  too  much  sample  destabilizes  the  plasma  and  cools  the  plasma 
resulting  in  a lower  signal  for  the  analyte  than  otherwise  would  have  been  obtained. 
Electrothermal  vaporization  is  typically  the  method  of  choice  for  introducing  microliter 
volumes  of  samples  into  a plasma.  The  sample  matrix  is  usually  ashed,  enriching  the 
analyte  and  removing  the  more  volatile  portion  of  the  matrix,  prior  to  atomizing  the 
analyte  and  the  less  volatile  components  of  the  matrix  into  the  plasma.  This  work 
characterizes  the  use  of  a plasma-based  ashing  step  in  which  heat  from  a low  power 
plasma  is  responsible  for  ashing  the  sample  matrix.  Following  this  ashing  step,  the 
plasma  power  is  increased  and  the  analyte  is  atomized  and  excited.  This  technique 
benefits  from  the  simplicity  of  not  requiring  electrothermal  ashing. 

Experimental 

In  order  to  assess  the  effectiveness  of  the  ashing  step,  aqueous  samples  containing 
either  potassium  chloride,  or  lead  chloride,  or  lead  phosphate,  were  dried  for  90  s,  ashed 
at  various  plasma  currents  for  a period  of  three  minutes,  and  then  atomized  at 
approximately  170  W.  Potassium  and  lead  are  present  in  whole  blood  in  the  form  of  the 
chloride  salt.  Lead  phosphate  was  studied  to  compare  the  volatility  of  lead  chloride  and 
lead  phosphate,  and  consequently  whether  a phosphate  based  matrix  modifier  would  help 
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retain  more  lead.  In  order  to  prepare  the  lead  phosphate,  5 yiL  of  0.2%  phosphoric  acid 
was  added  to  5 jxL  of  the  lead  chloride. 

Results 

The  resulting  emission  signals  of  potassium  and  lead  were  measured  and 
normalized  to  the  signals  obtained  when  these  solutions  were  dried  and  then  directly 
atomized  with  no  ashing  step  in-between.  Therefore,  the  normalized  emission  signals 
represented  the  fraction  of  analyte  remaining  after  the  ashing  step  was  employed.  The 
results  are  shown  in  Figure  5-7.  Lead  phosphate  should  be  less  volatile  than  potassium 
chloride,  and  lead  chloride  should  be  the  most  volatile;  however,  this  was  not  observed. 
Instead,  the  results  for  potassium  chloride  and  lead  chloride  are  reversed.  This  can  be 
explained  if  air  entrainment  into  the  plasma  converted  the  lead  chloride  to  lead  oxide 
during  the  ashing  step;  lead  oxide  is  less  volatile  than  potassium  chloride. 

The  results  show  that  some  lead  is  lost  in  the  ashing  step.  However,  at  an  ashing 
current  of  15  mA,  80  % of  the  lead  remained,  while  only  20  % of  the  potassium 
remained.  This  current  corresponded  to  an  ashing  power  between  30  and  55  W.  In 
order  to  obtain  high  sensitivity  with  discrimination  of  the  K signal,  an  ashing  current  of 
15  mA  was  used  in  further  experiments. 

Radial  and  Axial  Profiles 

The  radial  and  axial  profiles  of  Pb  emission  from  whole  blood  were  measured  to 
ensure  that  they  were  not  significantly  different  from  the  aqueous  profiles. 


Figure  5-7:  Ashing  study  of  potassium  chloride,  lead  chloride,  and  lead  phosphate. 
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Experimental 
Radial  Profile 

A whole  blood  standard  was  made  by  adding  0.3615  g of  human  whole  blood  to 
0.8267  g of  an  aqueous  1 ppm  Pb  standard.  This  resulted  in  a 696  ppb  (mass/mass)  Pb 
standard. 

Axial  Profile 

A whole  blood  standard  was  made  by  adding  0.2712  g of  human  whole  blood  to 
0.8002  g of  an  aqueous  1 ppm  Pb  standard.  This  resulted  in  a 747  ppb  (mass/mass)  Pb 
whole  blood  standard. 

Procedure 

Five  fiL  of  the  whole  blood  standard  were  deposited  on  the  electrode.  The  whole 
blood  was  dried  for  90  s at  70  W.  The  power  was  reduced  to  14  W,  and  helium  at  a 
flow  of  10  L/min  was  used  to  purge  the  torch  for  30  s.  The  power  was  then  increased 
to  170  W just  after  the  detector  was  triggered.  The  monochromator  was  operated  with 
a slit  width  of  120  ^m. 

Results 

The  results  that  were  obtained  are  shown  in  Figure  5-8.  The  Pb  signal  is  plotted 
versus  the  displacement  from  the  center  of  the  plasma  for  the  radial  profile.  The  Pb 
signal  is  plotted  versus  the  displacement  from  the  top  of  the  electrode  for  the  axial 
profile.  Negative  displacements  correspond  to  positions  below  the  electrode  tip. 

The  Pb  signal  spatial  profiles  in  whole  blood  are  similar  to  the  spatial  profiles  in 
aqueous  samples.  Alignment  of  the  electrode  is  critical  with  respect  to  the  optical  axis. 


Figure  5-8:  Radial  and  axial  profiles  of  lead  in  whole  blood.  The  error  bars 

correspond  to  one  standard  deviation  (n=6).  0 for  the  radial  profile 
corresponds  to  the  center  of  the  plasma,  while  0 for  the  axial  profile 
corresponds  to  the  top  of  the  electrode. 
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One  must  be  within  1 mm  of  the  optimum  intensity  in  order  to  obtain  a reasonable  signal 
to  noise  ratio.  The  optimum  viewing  distance  is  within  1 mm  of  the  top  of  the  electrode. 

Optimization  of  the  Ashing  Time 

The  ashing  power  had  been  previously  optimized  using  aqueous  samples.  This 
power  was  assumed  to  be  the  optimum  for  blood  samples;  however,  the  length  of  the 
ashing  period  still  needed  to  be  considered.  If  the  ashing  time  was  too  low,  an  unstable 
plasma  resulted  during  the  atomization  step,  and  if  too  long,  needless  loss  of  lead 
resulted. 

Experimental 

The  same  747  ppb  Pb  blood  standard  that  was  used  in  the  axial  profile  experiment 
was  used  in  this  experiment.  Five  microliters  of  whole  blood  was  placed  onto  the 
electrode  and  dried  for  90  s at  70  W.  After  the  drying  step,  the  blood  sample  was  ashed 
for  a period  of  0 s to  300  s,  prior  to  the  atomization  step.  For  the  0 s ashing  step,  the 
power  was  reduced  to  13  W,  and  helium  was  allowed  to  purge  the  torch  for  30  s at  10 
L/min.  The  power  was  then  increased  to  170  W for  the  atomization  step.  For  the  30 
s to  300  s ashing  time,  the  power  was  reduced  to  55  W after  the  drying  step  and  He  was 
introduced  at  10  L/min.  As  soon  as  the  He  was  introduced,  a plasma  ignited  which 
ashed  the  sample.  The  power  was  then  increased  to  170  W for  the  atomization  step. 
Results 

The  Pb  signal  to  noise  ratio  versus  ashing  time  is  plotted  in  Figure  5-9.  At  an 
ashing  time  of  0 s,  the  plasma  was  very  unstable.  The  blood  emission  background  was 
very  intense  and  saturated  the  detector.  In  addition,  manganese  emission  was  observed 


Figure  5-9:  Pb  signal  to  noise  ratio  versus  the  ashing  time  (s).  5 /iL  of  747  ppb  Pb 

was  used. 
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at  405.6  nm  and  405.9  nm  (Figure  5-10)  both  of  which  could  not  be  resolved  from  the 
lead  peak.  An  aqueous  spectrum  of  Mn  is  shown  in  Figure  5-11.  As  the  ashing  time 
increased,  the  manganese  emission  was  no  longer  seen,  and  the  potassium  emission  was 
greatly  reduced.  The  optimum  ashing  time  was  two  minutes,  which  resulted  in  the  best 
signal  to  noise  ratio  for  Pb.  A spectrum  which  resulted  from  a two  minute  ashing  time 
is  shown  in  Figure  5-12. 

Percent  Recovery  Study 

A percent  recovery  study  was  performed  to  determine  how  free  this  method  was 
from  matrix  effects.  A whole  blood  lead  standard  was  made  which  contained  3.33  ppm 
Pb,  and  this  signal  was  compared  to  the  signal  obtained  from  an  aqueous  standard  which 
contained  3.33  ppm  Pb.  The  two  signals  were  compared  to  determine  if  the  presence  of 
the  blood  matrix  had  an  effect  on  the  Pb  signal. 

Experimental 

A 2 mL  sample  of  whole  blood  was  added  to  1 mL  of  an  aqueous  10  ppm  Pb 
standard,  which  resulted  in  a 3.33  ppm  Pb  whole  blood  standard.  A 2 aliquot  was 

deposited  on  the  electrode,  dried  for  90  s at  70  W,  ashed  for  2 minutes  at  55  W,  and 
atomized  at  170  W.  An  aqueous  sample  containing  3.33  ppm  Pb  was  prepared  from  the 
10  ppm  Pb  standard  using  the  same  dilution  factor  that  was  used  with  the  whole  blood. 
The  aqueous  sample  was  treated  the  same  way  as  the  blood  sample,  i.e.  dried,  ashed,  and 
atomized  for  the  same  periods  of  time  at  the  same  powers. 
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Results 

The  average  temporal  emission  profile  of  Pb  in  blood  is  compared  to  the  average 
profile  of  Pb  in  aqueous  solutions  in  Figure  5-13.  The  Pb  signal  lasts  longer  in  blood 
than  in  the  aqueous  sample.  Also,  the  Pb  signal  was  depressed  in  blood,  although  the 
% recovery,  defined  as  the  ratio  the  Pb  signal  in  blood  to  the  Pb  signal  in  demineralized 
water,  was  90%.  Since  the  Pb  signal  is  depressed  in  blood,  matrix  matched  standards 
or  the  standard  addition  technique  is  required  for  calibration.  The  results  of  this 
experiment  are  shown  in  Table  5-2. 


Table  5-2  Percent  Recovery  of  Pb  from  Whole  Blood 


Pb  Signal 

Standard  Deviation 

% RSD 

Aqueous  Sample 

1728 

93 

5 

Whole  Blood 
Sample 

1563 

109 

7 

% Recovery 

90  % 

Determination  of  Accuracy 

The  accuracy  of  the  CMP- AES  method  was  determined  using  whole  blood  quality 
control  materials  (QCMs)  which  were  available  through  the  Centers  for  Disease  Control 
(CDC)  Blood  Lead  Laboratory  Reference  System.  The  method  of  standard  additions  was 
used  along  with  these  QCMs  to  determine  the  accuracy  of  this  method. 
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Experimental 
Preparation  of  Glassware 

All  glassware  to  be  used  was  soaked  in  a 5 % nitric  acid  bath  overnight. 
Following  this,  the  glassware  was  rinsed  with  water  provided  by  a Bamstead  Nanopure 
system  (Newton,  MA).  This  whole  procedure  was  then  repeated  to  ensure  that  all  lead 
in  the  glassware  had  been  completely  removed. 

Pyrex  pipettes  were  used  to  deliver  whole  blood  into  the  1 mL  Pyrex  glass  test 
tubes  which  were  used  to  contain  the  standard  addition  solutions.  These  pipettes  were 
checked  for  accuracy  and  precision  using  standard  gravimetric  procedures.  All  the 
pipettes  used  in  this  experiment  had  a % RSD  less  than  0.7%  and  were  at  least  within 
3 % of  their  certified  value. 

Procedure 

Three  CDC  whole  blood  standards  were  analyzed;  the  blood  standards  contained 
573  ppb,  188  ppb,  and  48  ppb  of  lead,  respectively.  In  the  standard  addition  method, 
various  volumes  of  an  aqueous  1 ppm  Pb  solution  were  added  to  equal  volumes  of  whole 
blood  (0.2  mL).  The  solutions  were  then  diluted  with  demineralized  water  to  a total 
volume  of  0.45  mL.  The  added  Pb  concentrations  in  the  respective  standard  addition 
solutions  are  shown  in  Table  5-3  to  Table  5-5.  All  components  of  each  standard  addition 
solution  were  weighed  to  ensure  accuracy.  In  addition,  after  the  solutions  were  prepared, 
they  were  sonicated  for  5 minutes  to  ensure  complete  mixing  between  the  blood  and 


aqueous  components. 


Table  5-3  573  ppb  Whole  Blood  Standard 
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Final 
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Pb 
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Volume 
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Table  5-4  188  ppb  Whole  Blood  Standard* 
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Final 

Cone. 

Pb 
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Volume 
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Mass  of 
Water 
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Volume 
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Table  5-5  48  ppb  Whole  Blood  Standard 
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Cone. 

Pb 

Added 

o 

Ill 

333 

556 

Total 

Volume 

0.45 

0.45 

0.45 

0.45 

Mass  of 
Water 

0.2621 

0.2225 

o 

O 

o 

Volume 
of  Water 

0.25 

0.20 

oro 

o 

Mass  of 
1 ppm 
Pb 

o 

0.0505 

0.1538 

0.2598 

Volume 
of  1 ppm 
Pb 

o 

0.05 

0.15 

0.25 

Mass  of 
Blood 

0.2003 

0.2001 

0.1997 

0.2044 

Volume 
of  Blood 

0.2 

0.2 

0.2 

0.2 

Solution 

- 

(N 

X! 

&H 

Ph 


^ <u 
c -S 


<D 

i-t 


H 

C/D  ^ 
0> 


s 

3 

cv> 

S g 


< < < 
* 


131 


The  Pb  in  the  solutions  were  analyzed  by  depositing  5 ixL  onto  the  electrode.  The 
solution  was  dried  at  70  W for  90  s.  Following  this,  the  power  was  decreased  to 
approximately  55  W,  and  the  helium  flow  was  initiated  at  10  L/min.  When  the  helium 
was  added,  a plasma  ignited,  and  the  sample  was  ashed  for  a period  of  two  minutes.  The 
power  was  then  increased  to  170  W,  and  the  lead  emission  was  measured.  The  diode 
array  was  triggered  just  prior  to  the  increase  in  power  to  170  W.  After  the  diode  array 
was  triggered  it  was  read  out  every  0. 18  s,  a total  of  40  times  and  the  time  resolved  lead 
signal  was  obtained.  A 1 minute  cleanout  step  was  necessary  after  the  atomization  step 
to  remove  residual  carbon.  The  plasma  was  operated  at  a power  of  200  W and  100 
mL/min  of  Hj  was  added  to  the  helium. 

Results 

Signal  Analysis 

The  raw  spectrum  was  background  subtracted  by  taking  the  first  derivative  of  the 
signal.  Figure  5-14  shows  a spectrum  of  83.5  ppb  Pb  and  its  first  derivative.  The  first 
derivative  acts  as  a high  pass  filter,  as  it  accentuates  high  frequencies  and  attenuated 
lower  frequencies.  Several  authors  have  reported  using  the  first  derivative.  Two 
excellent  papers  on  this  topic  are  those  by  0’Haver'‘*°  and  by  Savitzky  and  Golay^'^k 
Spectrally  narrower  peaks  usually  associated  with  atomic  emission  lines  are  accentuated 
over  the  wider  peaks  associated  with  molecular  emission  and  the  curved  baseline 
associated  with  continuum  emission.  The  first  derivative  plot  presented  in  Figure  5-14 
shows  an  average  background  signal  of  zero,  showing  the  effectiveness  of  the  first 
derivative  for  background  correction.  The  lead  signal  was  obtained  as  shown  in 
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Figure  5-14  by  subtracting  the  maximum  value  of  the  first  derivative  of  the  lead  peak 
from  the  minimum  value.  This  corresponded  to  the  measurement  of  peak  height  in  the 
original  spectrum. 

The  spectrum  shown  in  Figure  5-14  represents  an  integration  time  of  0.18  s (i.e. 
a single  spectrum  of  the  40  time  resolved  spectra  collected)  where  the  Pb  signal  was 
greatest.  The  time  resolved  Pb  signal  of  a blood  sample  containing  665  ppb  Pb  is  shown 
in  Figure  5-15.  Due  to  the  variation  in  the  shapes  of  these  temporal  profiles  from  run 
to  run,  a longer  integration  time  resulted  in  better  precision.  Peak  area  proved  to  be 
more  precise  than  peak  height.  A plot  of  the  precision  versus  the  integration  time  is 
shown  in  Figure  5-16  for  a Pb  concentration  of  665  ppb.  The  Pb  signal  was  obtained 
by  starting  with  the  peak  height  signal  and  successively  adding  Pb  signals  on  either  side 
of  peak  height  signal  in  time;  this  was  analogous  to  centering  the  gate  of  a boxcar 
averager  on  the  peak  signal  and  widening  the  gate.  A total  of  5 runs  were  compared  and 
the  relative  standard  deviation  was  determined.  The  optimum  % RSD  was  obtained 
when  the  Pb  signal  was  integrated  for  a 1.98  s interval:  from  time  0 to  1.98  s.  This 
integration  time  was  used  for  all  the  CDC  whole  blood  standards. 

The  noise  on  each  signal  was  determined  by  measuring  the  fluctuation  in  the 
signal  level  after  the  lead  was  gone.  More  precisely,  the  noise  was  determined  by 
measuring  the  standard  deviation  of  the  signal  level  over  the  time  period  from  5.4  s to 
7.2  s.  By  this  time  all  the  lead  was  gone,  and  the  noise  in  the  background  level  was 
being  measured.  Figure  5-17  shows  a temporal  emission  plot  of  83.5  ppb  Pb  in  whole 


Figure  5-15:  Temporal  emission  profile  of  665  ppb  Pb  in  whole  blood. 
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Figure  5-16;  Precision  of  the  Pb  emission  signal  versus  the  integration  time. 
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blood;  the  signal  and  the  noise  region  are  identified.  Figure  5-18  shows  a plot  of  the 
83.5  ppb  Pb  signal  in  the  wavelength  domain  after  the  background  has  been  subtracted. 
Analytical  Figures  of  Merit 

The  results  of  the  standard  addition  analysis  are  shown  in  Table  5-6.  A t-test  was 
used  to  determine  if  the  measured  concentration  was  significantly  different  from  the 
actual  concentration  at  the  95  % confidence  level.  In  the  case  of  the  573  ppb  and 
188  ppb  standards,  there  was  no  significant  difference  between  the  measured  and 
actualconcentrations.  However,  the  predicted  value  for  the  48  ppb  standard  was  81  % 
too  high.  Sample  contamination  could  have  resulted  in  a higher  value. 

The  overall  precision  was  determined  by  averaging  the  precisions  obtained  for 
every  sample  run.  In  total  this  represented  55  runs.  The  average  precision  was 
approximately  15%.  The  CDC  requires  an  average  precision  of  less  than  10%  for  a 
screening  technique.  The  precision  was  limited  by  sample  loading  of  the  plasma.  The 
precision  could  be  lowered  by  increasing  the  plasma  power,  decreasing  the  sample  size, 
or  using  an  internal  standard  which  behaved  similarly  to  Pb  during  the  ashing  and 
atomization  stages. 

The  detection  limit  calculated  based  on  3 standard  deviations  of  the  background 
signal  was  7 ppb.  For  a sample  size  of  5 fiL,  this  corresponds  to  an  absolute  detection 
limit  of  35  pg.  This  CMP- AES  method  meets  the  detection  limit  required  by  the  CDC 
for  a screening  technique.  In  addition,  the  detection  limit  is  comparable  to  that  achieved 
by  graphite  furnace  atomic  absorption  spectrometry  (9  pg).*'*^  The  analysis  time  per 
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Table  5-6  Accuracy  of  the  Whole  Blood  Determinations 


Actual 

Concentration  (ppb) 

Measured 

Concentration  (ppb) 

% Difference 

573 

661  + 91 

-h  15 

188 

194  ± 19 

+ 3 

48 

90  ± 13 

+ 81 
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sample  including  the  cleanup  step  was  just  below  5 minutes,  and  also  meets  the 
requirements  set  by  the  CDC. 

This  CMP-AES  method  compares  favorably  with  other  AES  techniques.  Few 
workers  have  reported  figures  of  merit  for  the  determination  of  lead  in  whole  blood.  The 
results  obtained  by  various  investigators  are  shown  in  Table  5-7.  The  CMP-AES  method 
compares  well  with  the  two  ETV-ICP-AES  techniques  in  terms  of  precision  and 
accuracy.  Both  CMP-AES  and  ETV-ICP  techniques  are  very  rapid.  The  best  precision 
is  obtained  when  sample  pretreatment  is  employed  as  is  shown  with  the  DC  arc  and 
ICP-AES  methods  listed  at  the  end  of  Table  5-7.  However,  the  analysis  time  is  too  long 
to  be  considered  for  screening  purposes. 

Conclusions 

The  CMP-AES  method  for  the  determination  of  lead  in  whole  blood  meets  the 
requirements  of  the  CDC  for  a screening  method  in  terms  of  the  detection  limit  and  the 
analysis  time.  However,  the  accuracy  and  precision  of  the  technique  still  needs  to  be 
improved.  This  presumably  could  be  accomplished  by  reducing  the  sample  size, 
increasing  the  plasma  power,  or  by  ratioing  the  lead  signal  against  that  of  an  appropriate 


internal  standard. 


Table  5-7:  Figures  of  Merit  for  Pb  in  Whole  Blood  obtained  with  AES 
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CHAPTER  6 

CONCLUSIONS  AND  FUTURE  WORK 
Summary  of  Results 

The  detection  limits  determined  for  lead  using  the  capacitively  coupled  microwave 
plasma  atomic  emission  spectrometer  in  both  aqueous  and  whole  blood  samples  was  very 
good.  A detection  limit  of  0.6  ppb  Pb  was  obtained  for  a 5 /xL  aqueous  sample  (absolute 
detection  limit:  3 pg).  In  addition,  a detection  limit  of  4 ppb  for  a 5 blood  sample 
was  obtained  (absolute  detection  limit:  20  pg).  These  represent  the  best  detection  limits 
for  Pb  by  CMP-AES  to  date.  The  instrument  yielded  promising  results,  but  does  not  yet 
meet  all  the  requirements  set  by  the  CDC  for  a lead  in  blood  screening  technique.  The 
accuracy  at  levels  of  48  ppb  is  questionable.  The  reason  for  this  should  be  determined. 
However,  good  accuracy  was  achieved  for  blood  lead  levels  above  100  ppb.  The 
precision  of  this  method  at  15  % does  not  meet  the  CDC’s  requirements  either. 
However,  the  precision  is  close  to  the  CDC’s  requirement  of  10  %;  and  future  work  may 
yet  improve  the  accuracy  and  precision  of  the  technique. 

Future  Work 

Nickel  Cups 

The  precision  and  the  accuracy  of  the  method  could  be  improved  by  changing  the 
electrode  from  the  tungsten  wire  to  a nickel  cup,  similar  in  design  to  the  graphite  cup 
used  by  Ali  and  Wineforder.*'*^  The  cup  would  be  in  place  in  the  central  channel  of 
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the  torch  by  a supporting  metal  electrode.  Nickel  is  advantageous  over  graphite  in  that 
refractory  compounds  such  as  carbides  do  not  form.  In  addition,  the  smaller  pore  size 
of  nickel,  and  metals  in  general,  reduces  the  memory  effects  that  have  been  associated 
with  graphite.  Nickel  is  advantageous  over  tungsten  since  it  does  not  oxidize  as  easily. 
Oxygen  could  then  be  added  during  the  blood  ashing  stage  to  ensure  the  complete 
oxidation  of  lead.  Since  lead  oxide  is  less  volatile  than  lead  chloride,  a larger  emission 
signal  should  result.  Another  benefit  of  the  metal  cups  is  their  greater  sample  capacity, 
20  - 50  yiL,  compared  to  the  tungsten  filament,  10  ^L.  Because  of  this,  lower 
concentration  detection  limits  should  result.  Nickel  cups  have  been  tested  in  a CMP  by 
the  author  and  have  been  able  to  withstand  high  powers  ( > 600  W)  from  the  CMP.  This 
is  in  contrast  to  the  0.25  mm  nickel  filament  which  melted  at  170  W.  Because  of  the 
higher  powers  that  can  be  used  this  plasma  should  be  less  affected  by  the  blood  matrix. 
Nickel  cups  have  also  been  tested  by  this  author,  and  they  couple  well  to  the  microwave 
field.  Plasmas  can  be  sustained  at  powers  as  little  as  55  W,  similar  to  the  tungsten 
filament  electrode. 

Matrix  Modifiers 

The  addition  of  matrix  modifiers,  in  particular,  diammonium  hydrogen  phosphate 
should  be  studied.  With  this  modifier  lead  chloride  would  be  converted  into  lead 
phosphate.  Although  the  use  of  matrix  modifiers  inevitably  involves  greater  sample 
handling  and  dilution,  if  more  lead  could  be  retained  during  the  blood  ashing  step  an 
enhancement  in  the  lead  signal  should  result. 
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Feedback  Regulation  of  the  Ashing  Step 

The  ashing  step  is  regulated  only  by  using  a current-regulated  power  supply  to 
maintain  the  same  current  in  the  plasma.  Ideally,  regulation  of  the  plasma  temperature 
should  be  maintained.  This  could  be  done  as  it  is  done  in  electrothermal  vaporizers,  by 
measuring  the  temperature  of  the  cup  or  wire  with  an  optical  pyrometer,  and  using  this 
parameter  to  regulate  the  power  supply. 

Other  Thermal  Ashing  Techniques 

In  principal,  plasma  ashing  is  the  simplest  form  of  thermal  ashing  that  could  be 
used  with  CMP- AES,  as  it  requires  no  other  devices.  However,  this  type  of  ashing  has 
been  studied  very  sparsely.  Other  ashing  techniques  could  be  coupled  to  the  electrode. 
The  electrode  could  be  resistively  heated  with  a dc  voltage  or  inductively  heated  with  an 
RF  field,  the  latter  has  the  advantage  of  not  requiring  any  physical  connections. 
Redesign  of  the  Plasma  Torch 

The  plasma  torch  needs  to  be  redesigned  so  that  it  can  be  purged  more  efficiently, 
requiring  lower  helium  flow  rates.  At  present,  the  torch  is  shielded  from  the  atmosphere 
only  with  a quartz  tube,  the  "quartz  chimney",  which  lies  on  top  of  the  waveguide.  The 
chimney  is  concentric  with  the  torch,  has  an  inner  diameter  of  33  mm  and  an  length  of 
62  mm.  The  top  part  of  the  cylinder  is  not  sealed,  but  instead  exposed  to  the 
atmosphere.  To  reduce  the  extensive  dead  volume  of  this  system,  the  plasma  torch 
length  could  be  shortened  to  3/4  its  present  length,  from  15  cm  to  11  cm.  This  would 
reduce  the  volume  of  the  torch  by  1/4.  In  addition,  the  quartz  chimney  top  be  sealed 
with  a metal  lid.  Incorporated  into  this  lid  should  be  a check  valve  which  vents  at  a 
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specific  pressure.  In  this  way  the  valve  would  only  open  when  the  pressure  of  the  gas 
inside  the  chimney  was  greater  than  the  pressure  of  the  atmosphere  around  it.  This 
should  be  very  effective  in  reducing  the  amount  of  helium  which  must  be  used  to  purge 
the  torch,  should  be  very  simple  to  construct,  and  should  be  very  cost-effective. 

Discrete  sample  introduction  capacitively  coupled  microwave  atomic  emission 
spectroscopy  (DSI-CMP-AES)  is  a very  sensitive  method  comparable  in  detection  power 
to  ICP-AES  at  a fraction  of  the  cost.  Its  potential  has  been  under-utilized  and  should  be 
investigated  further. 
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